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PREFACE 

The purpose of this study is to analyze and evaluate the factors 
involved in the determination of modern rates of postglacial crustal 
movement in the Great Lakes region In-order to ascertain the validity 
of previously determined rates of uplift. 

Because the calculation of uplift rates are based on findings from 
many fields, i.e., geology, geophysics, geodesy, meteorology, oceanog- 
raphy, and engineering, it is necessary to integrate information from 
all of these fields if a solution to the problem is to be found. 
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ABSTRACT 



The purpose of this study is to analyze and evaluate the factors 
which are involved in the determination of modern rates of postglacial 
crustal movement in the Great Lakes region in order to ascertain the 
validity of previously determined rates -of uplift. 

Because the calculations of rates of uplift are "based on findings 
from many fields, i.e., geology, geophysics, geodesy, meteorology, ocea- 
nography, and engineering, it is necessary to integrate information from 
all of these fields if a solution to the problem is to-be found. 

The problem was studied by the following methods: 
(a) by analyzing the data, methods, and results of previous investiga- 
tors of modern uplift; (b) by comparing modern areas and rates of up- 
lift with areas and rates of uplift based on differential warping of 
former glacial lake shoreline features; (c) by comparing modern uplift 
in the Great Lakes region with modern uplift in Fehnoscandia; (d) by 
examining principles of operation, instrument construction, external 
influences, and errors which are inherent in water-level gaging (the 
results of gaging are used to calculate modern rates of uplift); (e) 
by computing daily, monthly and summer season vector winds for Lakes 
Erie, Ontario and Superior (1950-59) in order to test the assumption 
(underlying water -leveling and the calculation of rates of uplift) that 
the summer mean Great Lakes water surfaces are level; and (f ) by mak- 
ing a correlation study of effective wind velocities and lake -level 
gage differences to determine if gage differences represent land uplift, 
or wind slope of the lake surface. 

The results indicate that: (a) all previously determined modern 
rates of uplift on Lake Erie are not valid because Lake Erie is in the 
postglacial area of horizontality; (b) all rates of modern uplift based 
on pairs of gages in which one gage is south of the Nipissing zero iso- 
base are also not valid; and (c) rates of uplift on Lake Superior and 
on the other Great Lakes which are based on records of gage pairs located 
north of the Nipissing zero isobase are probably erroneous owing to the 
inclusion in the gage differences of errors caused by meteorological 
effects, gage location effects, instrument error and operator error. 

Six of the more important conclusions are: 
1. Lake -level gages used to detect and measure modern uplift must be 
north of the known area of horizontality (i.e., north of the Nipissing 
zero isobase). Gage records must be "corrected for meteorological, in- 
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strument and operator errors, 

2. The Lake Erie correlation study showed that gage differences repre- 
sent, almost wholly, meteorological effects and not uplift. 

3. The Slimmer season mean water surfaces of the Great Lakes are not 
level . 

k. Ekman's theory of ocean currents should "be re-examined and modified 
on the basis of empirical observations. 

5. The Lake Erie correlation study indicated that Ekman's concept of 
water-surface slope direction being in the direction of the wind is in- 
correct; on Lake Erie the water-surface slope direction is about 23 to 
the right of the wind. 

6. The angle of deviation of surface currents from wind directions on 
Lake Erie (c 23° to the right) should also be representative of the angle 
of deviation for the other Great Lakes. 



IX 



I. HISTORICAL INTRODUCTION 



Fennoscandia 



The phenomenon of land rising from a "body of water has been a sub- 
ject of study and speculation since Classical times. Although Greek, 
Roman and Medieval writers recorded the uplift of land in volcanic areas, 
it was not until 1625 that slow imperceptible uplift of land in a non- 
volcanic region was mentioned in a Finnish book of discourses. 

The gradual seaward retreat of the shorelines of the shallow Baltic 
Sea and the Gulf of Bothnia, as well as the shoaling of harbors and water- 
ways, caused Scandinavian naturalists of the late 17th and early l8th cen- 
turies to speculate as to its cause. The question soon arose as to 
whether the land in the Baltic area was rising, or the quantity of water 
in the sea diminishing. Such noted scientists as Linnaeus, Celsius and 
Swedenborg held that the waters of the Baltic Sea were decreasing. 

In an effort to actually measure the change between land and sea, 
Anders Celsius made what is probably the first systematic observations 
of this relative change when, in 1731, he had marks corresponding to sea 
level and the date chiseled into exposed bedrock. By comparing later 
marks with the 1731 mark, Celsius estimated the lowering of sea level to 
be 4.1 feet per century. (Kaariainen, 1953; P- 7)- 



The theory of diminishing water was shown to "be false by the Bishop 
of Abo, Johan Browallius, in 1755 when he pointed out that the sea main- 
tains an equilibrium and that churches built in Sweden in the 13th cen- 
tury were still near the shore and ancient buildings in southern Sweden 
and Denmark were still on the shore; therefore a general decrease of sea 
level could not have occurred. (Kaariainen, 1953 j P* 8; Thorarinsson, 
19^0, p. 132; Bergsten, 1930, p. 21). 

E. 0. Runeberg of Finland was the first proponent of crustal ele- 
vation as the cause of the shifting of the coastline of the Gulf of 
Bothnia. His observations and studies led him to declare in 17&5 that 
the earth's crust rises while sea level remains the same. (Kaariainen, 
1953; P- 8; Bergsten, 1930* P* 21.) This view was also supported by 
Playfair (l802, pp. kk5-kk7) in his Illustrations of the Huttonian 
Theory and by Von Buch (1813, p. 386) in his Travels through Norway and 
Lapland during the years 1806 , l807 and 1808 . 

Charles Lyell (1837, pp. ^37-^9) discussed the uplift of land in 
the Baltic region in "Chapter XVII , Elevation and Subsidence of Land 
without Earthquakes" in his Principles of Geology . This chapter, which 
summarized the investigations and observations which had been made be- 
fore 1837, concluded with remarks as to the significance of a slow sec- 
ular uplift and speculated as to its cause. Lyell 1 s last paragraph of 
Chapter XVII supplies the views of the possible causes of the Baltic up- 
lift which were current in the first half of the 19th century. He states. 
(1837, p. hh9)i 



The foundations of the country, thus gradually uplifted 
in Sweden, must "be undergping important modifications. Whether 
we ascribe these to an expansion of solid matter by continually 
increasing heat, or to the liquefaction of rock, or to the crys- 
tallization of a dense fluid, or the accumulation of pent-up 
gases, in whatever conjecture we indulge, we can never doubt for 
a moment, that at some unknown depth the structure of the globe 
is in our own times becoming changed from day to day, through- 
out a space probably more than a thousand miles in length and 
several, hundred in breadth. 

!The modern theory of the cause of crustal movement in Fennoscandia 
and North America, i.e., ice unloading and subsequent isostatic adjust- 
ment, was proposed by a Scot, Thomas P. Jamieson, in 1865 . His theory, 
quoted in the following paragraph, was later developed in detail in the 
paper "On the Cause of the Depression and Re -elevation of the Land during 
the Glacial Period" published in Ihe Geological Magazine in 1882. 

Jamieson (1865, p. 178) stated in his first expression of the theory 

that : 

It is worthy of remark that in Scandinavia and North 
America, as well as in Scotland, we have evidence of the 
great ice -covering; and singular* to say, the height to which 
marine fossils have been found in all three countries is very 
nearly the same. It has occurred to me that the enormous 
weight of the ice thrown upon the land may have had something 
to do with this depression. Agassiz considers the ice to have 
been a mile thick in some parts of America; and everything 
points to a great thickness in Scandinavia and North Britain. 
We don't know what is the state of the matter on which the 
solid crust of the earth reposes. If it is in a state of 
fusion, a depression might take place from, a cause of this 
kind, and then the melting of the ice would account for the 
rising of the land, which seems to have followed upon the 
decrease of the glaciers. 

Fennoscandia continued to provide material for research on differen- 
tial uplift of the land until, according to E. KHariainen (1953, P- 9), 
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fifty or more scientists had investigated uplift in this region "before 
the beginning of the twentieth century. Since 1900 more than forty Euro- 
pean and British geologists , geodesists and engineers have studied and re- 
ported upon post-glacial and contemporary differential land uplift in the 
Baltic region. 

The importance of Fennoscandian investigations of this secular up- 
lift to similar studies in the Great Lakes area may be "briefly stated — 
the Fennoscandian studies pioneered in the use of water gaging and pre- 
cise leveling to reveal uplift, in applying corrections (chiefly meteor- 
ological) to water gaging in order to reduce systematic errors and in 
supplying the necessary mechanism for the cause of the uplift. 

These European studies, published over a period of more than 200 
years, were probably the source of American ideas on this subject. Fur- 
thermore, the current Scandinavian literature dealing with modern crustal 
deformation reveals many concepts and techniques, particularly in the 
application of corrections for systematic errors, which have not been 
used in American studies of the same topic. 

Great Lakes Region 

Detection of crustal movements in the Great Lakes region has been 
hampered by the large area involved^ by the sparse population (conse- 
quently by the limited number of observers), and by the relatively short 
time that the region has been settled. The limited distribution of obser- 



vation points coupled with the short period of recorded observation may 
help to explain why the first systematic study of "modern" land uplift 
was not undertaken until 1896 "by Dr. G. K. Gilbert. 

Three members of the early geological surveys of New York, Ohio and 
Michigan reported ancient uplifted beaches. Ebenezer Emmons (1837* P- 
123), geologist for the New York Natural History Survey, described con- 
current land uplift along the St. Lawrence River; he compared it to the 
uplift in Norway and said that the only way of discovering its magnitude 
was to establish fixed land marks which would be compared over a number 
of years. Emmons (1838, p. 239) also discussed uplift in the Lake 
Champlain area. Charles Whittlesey (1838, p. 55 )j topographer of the 
Ohio Geological Survey, reported measuring ancient tilted beaches south 
of the Lake Erie shore in 1838, and Bela Hubbard (18U0, pp. 105-106) of 
the Michigan Geological Survey described the formation of raised beaches 
near Lake Erie as follows: 

...In other words, the land has been subsequently sub- 
jected to an upheaving force, which at last has elevated the 
whole far above the influence of the sea. 

Whether the upheaving of the land was general at this 
era, throughout the continent or was mainly operative in the 
region of the lakes, probably cannot be satisfactorily deter- 
mined. It may be competent, however, to suppose that these 
apparent "lake ridges" were the boundaries of the ancient sea 
formed during intervals of rest in the upward tendency of the 
land. 

There also exist strong reasons for supposing that the 
relative levels of the land did not everywhere remain the 
same, or that disproportionate elevations took place.... 



Despite the early recognition of tilted "beaches in the lower Great 
Lakes region it was not until the latter part of the 19th century that 
the studies of deformed postglacial shoreline features "by Bell, Gilbert, 
Goldthwait, Laws on, Leverett, Spencer, Taylor and Upham provided the 
proper "atmosphere" for the consideration of modern uplift • 

G. R. Stuntz, a Wisconsin surveyor, submitted a paper to the Ameri- 
can Association for the Advancement of Science in 185^ in which he sug- 
gested that the waters of Lake Superior appeared to he rising at the 
west end of the lake and falling at the eastern end. This paper, which 
was published in l869j, was one of the first to infer that a change was 
taking place in modern times in the relative positions of the lake water 
and the land (1869, pp. 205-210). 

In 1868 (p. 129) > N* S. Shaler, while discussing changes of level 
of shorelines said: "...Looking still further, we perceive some very 
peculiar features in the distribution of the changes of level which are 
still going forward, or which have taken place since the close of the 
glacial period." 

The next suggestion that modern land uplift could "be occurring was 
made by Robert Bell in his description of his explorations of the Hudson 
Bay area. Despite the fact that Bell later (1897) spoke of the "Rising 
of the Land around Hudson Bay, " in his earlier reports he was not as def- 
inite in asserting that uplift was occurring. Bell's report published in 
1880 spoke of: 



...the comparatively rapid elevation of the land, or retiring 
of the sea, around James Bay and at York Factory was referred 
to in my reports for 1877 and 1878. ... This recession of 
the sea may he due to a general lowering of its level rela- 
tively to the land, and partly to the silting up of portions 
of Hudson's Bay, interrupting the free flow of the tides (p. 
21c). 

Hie first definite statement regarding modern crustal movement in 
the Great Lakes area was made "by J. W. Spencer (189^) in a paper "The 
Duration of Niagara Falls. 11 He (p. k-72) concluded his paper by declar- 
ing: "...Lastly, if the rate of terrestrial deformation continues as 
it appears to have done, then in about 5000 years the life of Niagara 
Falls will cease "by the turning of the waters into the Mississippi." 
Spencer (1907.? 1913) later recanted this hypothesis (the same idea has 
been expressed by other writers several times since his original utter- 
ance) after reworking Gilbert's data in conjunction with additional in- 
formation. 

Grove Karl Gilbert (1896-97) made the first determination of land 
uplift in the Great Lakes region using "modern" observations. The under- 
lying principles of his procedures and techniques have been followed by 
all subsequent investigators. Gilbert's original determination of the 
amount of earth tilting was prompted by the speculation that the forces 
which had tilted former beaches were still active and could be detected <> 
He made use of the U. S. Lake Survey assumption that a lake surface is 
level if measured over a "protracted" period to provide the necessary 
level for comparison between pairs of gages located in the general direc- 
tion of tilt. 



Four pairs of water-level gages were used and the rate of tilting 
was found by comparing the gage differences for each pair of gages for 
1874 with the gage differences of the same pairs for 1896. Because the 
gage differences were compared in relation to the same datum (the level 
lake surface) they would have "been the same in 1896 as in 187^- if no 
tilting had occurred. However, the gage differences for 1896 differed 
from those of 187^ which caused Gilbert to conclude that tilting had 
occurred during the intervening years . 

Gilbert's awareness of the pitfalls which were present in his as- 
sumptions^ raw data j and method of calculation induced him to include a 
discussion of the sources and importance of errors inherent in the data 
and method. His report also included a section on "Plans for Precise 
Measurement/' which, if followed, would have greatly reduced or elimi- 
nated the systematic errors which are still intrinsic in water-level 
records. 

The next two studies of modern crustal movement were made by 
J. W. Spencer in 1907 and 1913 • Spencer applied Gilbert's techniques 
to the study of gage records taken from 1855 to 1905 in the first paper 
and from 1855 "to 1912 in the second paper. He calculated the gage dif- 
ferences for periods of five years (using the mean daily lake levels), 
and concluded from his study that the means of all the five year periods 
from 1855 to 1912 were within the limits of the probable error — therefore 
the earth's crust was stable. 



These investigations were followed by a paper in 1922 "by Sherman 
Moore, an engineer of the U. S. Lake Survey. Again using the procedure 
originated by Gilbert, Moore examined 18 pairs of gages whose periods 
of record were from 1870-80 to 1919 • The gages were located on all of 
the Great Lakes, including Lake Superior. Moore's determination of the 
rates of uplift for Lake Superior were the first calculated for that lake. 
His conclusion was that tilting of the land occurs on all of the lakes 
but that the rates vary for different lake basins. Moore's estimate of 
the general rate of tilting was about six inches in one hundred miles in 
one hundred years. 

The controversy arising from the diversion of water from Lake Mich- 
igan by the City of Chicago led to two studies of the hydrology of the 
Great Lakes. These studies, one by John R. Freeman in 1926 and the 
other by R. E. Horton and C. E. Grunsky in 1927, included determinations 
of land uplift. Both papers reviewed the literature dealing with this 
topic and both recalculated the rate of movement. The results were 
essentially the same as had been found by previous investigators, al- 
though Horton and Grunsky concluded that no uplift was occurring around 
Lake Erie. 

Beno Gutenberg (1953) conducted an investigation of "Tilting Due 
to Glacial Melting, " including not only the Great Lakes region but also 
Hudson Bay and Scandinavia. His paper included a compilation of previous 
work on crustal deformation, the calculation of rates of movement on 
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the Great Lakes from 28 pairs of gages , and a discussion of the deter- 
mination of changes of level "by means of the examination of ocean tide 
gage records . His results concurred with those of Gilbert, Moore and 
Freeman. 

Eight years after his first paper on postglacial tilting,. B. Guten- 
berg (19^1) published a much more comprehensive work "Changes in Sea 
Level, Postglacial Uplift, and Mobility of the Earth's Interior, " Using 
additional lake-level gages and tide gages, Gutenberg made new calculations 
of the rates of uplift in both North American and Fennoscandia, which he 
demonstrated could be used to help determine the viscosity and strength 
of the earth. 

Sherman Moore's (I9h8) second paper on "Crustal Movement in the 
Great Lakes Area" was the result of data which had been accumulated in 
order to establish a new datum (1935 Datum) on the Great Lakes. 

Dae re-leveling, both water and instrumental, which was necessary 
to establish the new datum .permitted Moore to determine the rates of up- 
lift in relation to sea level. Moore's analysis of the data led to a 
number of interesting conclusions, several of which do not concur with 
current geologic thought. Moore (p. 697) inferred that, "llhe entire area, 
except for the extreme northerly part of Lake Superior is subsiding with 
respect to sea level." He (p. T08) also stated, "Whatever the cause of 
the postglacial warping, there seems to be no connection between the pres- 
ent movement and isostatic recovery from the weight of the ice." 
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In 1954 Charles A. Price of the Canadian Hydrographic Service re- 
ported on the "Crustal Movement in the Lake Ontario— Upper St, Lawrence 
River Basin. " The procedures which he used were those employed by pre- 
vious investigators. Price (195^, PL 0-6) reported the over-all change 
in gage relations as 0-53 feet per 100 miles per 100 years with tilting 
occurring in a direction N k0° E. 

The most recent determination of rates of crustal movement in the 
Great Lakes region are those of the Vertical Control Subcommittee of the 
Coordinating Committee on Great Lakes Basic Hydraulic and Hydrologic 
Data. The Subcommittee, which is composed of Canadian and American mem- 
bers , was appointed to establish a new level datum for the Great Lakes. 
Part of its duties included the study of crustal movements. The results 
of the Subcommittee findings have not been published although interim 
reports have b£en issued to participating government agencies • 

The techniques which are used by the Subcommittee to calculate rates 
of movement are those which were originated by Gilbert in 1896. Although 
certain minor specifications were made as to the data to be used, the 
Subcommittee has not analyzed the concepts or assumptions which are in- 
herent in the calculation of rates of movement by the lake -level gage 
procedure; therefore it may be expected that its findings will agree for 
the most part with prior determinations. 



II. LMFD UPLIFT 

"Land uplift" which is defined as, "Elevation of any extensive part 
of the earth's surface relatively to some other part...." (A.G.I., 1951* 
p. 310) will be restricted in this study to the differential vertical 
movement of land in the former glaciated areas of Fennoscandia and North 
America. 

The existence of this land uplift has "been revealed "by the measure- 
ment of warped former shoreline features of late and postglacial water 
"bodies; by examination of water-level gage records of modern lakes and 
seas; and by precise leveling. 

As the ice sheets of Late Wisconsin time retreated in the Great 
Lakes region toward the center of glaciation in the area of Hudson Bay, 
large lakes were formed, by glacier ice blocking the normal drainage of 
the land. The waters of these glacier -margin lakes rose until they were 
able to escape to the south over low areas of the Great Lakes watershed. 
As the glacier front retreated, or occasionally advanced slightly, var- 
ious outlets were covered or uncovered, which allowed the lakes to vary 
in size and elevation. The lake levels remained constant long enough 
for shoreline features, i.e., beaches, wave-cut cliffs, deltas, to be 
developed on the emerging shores. Shoreline features which were level 
when first built are now found to be warped upward toward the northeast 
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in the northern part of the lake "basins. The greatest tilt is measured 
in the highest (oldest) shorelines* 

This progressive northward warping of the shorelines is due to a 
differential uplift of the earth's crust which most geologists "believe 
to be caused by recovery of the crust after depression by the load of 
the glacial ice. 

The tendency of portions of the earth's crust to approach a con- 
dition of balance leads to the establishment of a state of equilibrium in 
the crust known as "isostasy. " The upwarping of strandlines in former 
glaciated areas has been cited by many geologists and geophysicists as 
one of the most convincing proofs of the principle of isostasy. 

Mechanics of Warping 

The determination of the underlying cause of warped shoreline fea- 
tures in Fennoscandia and North America has unfortunately been compli- 
cated by the fact that the glaciated areas correspond very closely with 
the Baltic Shield and the Canadian Shield, regions where the movements 
have been upward for a long period of time (see Plate I). 

Scientists who explain the upwarping by isostatic rebound are opposed 
by those who believe that modern uplift is a continuation of movements 
which have characterized shield areas since Precambrian times. One of 
the adherents of the tectonic, endogenetic theory of land uplift in these 
areas summarized this concept by stating: 
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That "both the Canadian and the Baltic shields were "being ele- 
vated^ clearly by tectonic forces, prior to the glacial period; 
and there are no grounds for maintaining that the very same 
forces did not play an important role in the recent movement 
of the shields (Lyustikh, i960, p. 107). 

Die arguments of the proponents for a tectonic cause of uplift -were 

answered, for the most part, by R. A. Daly (19^0, p. 318) who declared: 

This hypothesis, that there is no connection between the 
upwarping and the deglaciation shows its full weakness when 
confronted with field statistics . We might conceive that the 
observed systematic warping in one or two tracts might be ex- 
plained by independent epeirogenic movements, but it seems 
incredible that in a dozen regions the same type of warping 
should appear as mere accidental products of a stress system 
that has no vital connection with ice-loads. Yet basining 
and recoil have been demonstrated in as many widely separated 
tracts, each having been covered with heavy masses of ice re- 
cently melted away. In some, if not all, of the cases the 
melting and warping began less than 50,000 years ago. With 
few exceptions there are no signs that the lithosphere out- 
side these tracts was simultaneously disturbed by anything 
like the same amount. 



Isostasy 

The first clear explanation of the theory of isostasy came out of an 
attempt to explain certain systematic errors in the calculations of the 
Trigonometrical Survey of India in the first half of the nineteenth cen- 
tury. When latitudes and longitudes derived from astronomical observa- 
tions were compared with latitudes and longitudes of the same stations 
computed from the triangulation net, it was found that the relative posi- 
tion determined by triangulation failed to agree with the astronomical 
positions by an amount which could not be accounted for by surveying error. 



Insert - Plate I: Features of Postglacial Land Uplift, Great Lakes-Hudson Bay Region 
20- 1 / 2 " x 26-Vi" 



17 

The determinations of astronomic positions are made -with instruments 
containing leveling "bubbles; therefore the vertical axis of the instru- 
ment is perpendicular to the geoid; i.e., the vertical axis, like a plumb 
line, is parallel to the direction of the force of gravity. On the other 
hand, triangulation positions are calculated on the basis of an assumed 
ellipsoid and yield geodetic latitudes and longitudes; perpendiculars to 
these coordinates are normal to the ellipsoid. The angle bet-ween the 
normal to the ellipsoid and the normal to the geoid is called "the de- 
flection of the vertical." 

It has long been known that a plumb line (normal to the geoid) is 
attracted by the mass of a mountain (Newton, 1728, p. kl) and that the 
magnitude of attraction is less than would be expected if the attractive 
force depended solely upon the mountain's mass as computed by its dimen- 
sions and the average density of rock .(Bouguer, 17^-9^ PP» 36^-385; 
Maskelyne, 1775^ pp. 500-508; DeZach, l8l^, pp. V-XVl). However, it was 
not until 1855 when two papers dealing with this subject were published 
in the Philosophical Transactions of the Royal Society of London that an 
explanation for this phenomenon was advanced. 

John H. Pratt, an archdeacon of Calcutta, discussed the systematic 
error which had been revealed in a comparison of the astronomic and geo- 
detic determinations of latitude of the terminal points of the northern 
division of the Meridional Arc of India. After proving that the geodetic 
calculations were not at fault, Pratt pointed out that the plumb line of 
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the astronomical observations must have "been affected by the mass of the 
Himalayas and the Tibetan plateau* He computed the magnitude of the at- 
traction by means of a laborious, mechanical integration of the 
topographic effect of the mass of the Himalayas and the mountain region 
beyond. His computations showed that the difference between the calcu- 
lated deflections of the plumb line at Kalianpur on the central plateau 
and Kali ana at the foot of the Himalayas was three times larger than the 
measured deflection. 

Although Pratt (1855, P- 100 ) declared, "The conclusion, then, to 
which I come is, that there is no way of reconciling the difference be- 
tween the error in latitude deduced in Colonel Everest's work and the . 
amount I have assigned to deflection of the plumb line arising from 
attraction. . ..;" the next paper in the same volume of the Transactions 
provided the answer to the problem. 

George B. Airy, Astronomer Royal of Great Britain, heard the orig- 
inal presentation of Rev* Pratt's paper on December 7j 185^-, and, in 1855, 
submitted a short paper to the Royal Society which expressed for the first 
time the principles of that condition of equilibrium in the earth's crust 
which was later called "isostasy. " In his succinct paper Airy explained 
that the fluidity of the earth's interior was imperfect; that it was 
probably extremely viscous; that the material below the crust was of 
greater density than the crust; and that the strength of the crust was 

insufficient to support the weight of a table -land or to maintain a moun- 
tain range, although it would support local topographic features such as 
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a mountain. He (1855, p. 163) expressed his views of the underlying sup- 
port for elevated regions of the earth T s crust as follows: 

I conceive that there can "be no other support than that aris- 
ing from the downward projection of a portion of the earth ! s 
light crust into the dense lava; . . . the depth of its projec- 
tion downwards "being such that the increased power of floatation 
thus gained is roughly equal to the increase of weight above 
from the prominence of the table -land. . . . 

In regard to the effect on gravity of the elevated portion of the 

crust and its downward projection, Airy (1855, pp. 103-104) said: 

Let us consider what will be its effect in disturbing the 
direction of gravity at different points in its proximity. It 
will be remarked that the disturbance depends on two actions; 
the positive attraction produced by the elevated table -land; 
and the diminution of attraction, or negative attraction, pro- 
duced by the substitution of a certain amount of light crust 
(in the lower projection) for heavy lava. 

The diminution of attractive matter below, produced by 
the substitution of light crust for heavy lava, will be sen- 
sibly equal to the increase of attractive matter above. The 
difference of the negative attraction of one and the positive 
attraction of the other, as estimated in the direction of a 
line perpendicular to that joining the centers of attraction 
of the two masses (or as estimated in a horizontal line), will 
be proportional to the difference of the inverse cubes of the 
distances of the attracted point from the two masses. ... 

The general conclusion then is this. In all cases, the 
real disturbance will be less than that found by computing 
the effects of the mountains, on the law of gravitation. Hear 
to the elevated country, the part which is to be subtracted from 
the computed effect is a small proportion of the whole. At a 
distance from the elevated country, the part which is to be 
subtracted is so nearly equal to the whole, that the remainder 
may be neglected as insignificant, even in cases where the 
attraction of the elevated country itself would be considerable. 
But in our ignorance of the depth at which the downward immer- 
sion of the projecting crust into the lava takes place, we 
cannot give greater precision to the statement. 
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Airy recognized that isostasy may "be incomplete — this is revealed 

in his statement (1855, p. 104) that: 

In all the latter inferences, it is supposed that the 
crust is floating in a state of equilibrium.. But in our en- 
tire ignorance of the modus operandi of the forces "which have 
raised submarine strata to the tops of high mountains, we can- 
not insist on this as absolutely true. We know (from the 
reasoning above) that it "will be so to the limits of breakage 
[strength of the crust] of the table -lands; but -within those 
limits there may be some range of the conditions either way. 
It is quite possible that the immersion of the lower projec- 
tion in the lava may be too great, as that the elevation may 
be too great; and in the former of these cases, the attrac- 
tion would be negative. 

Four years after Airy made public his theory of the equilibrium of 
the earth's crust, J. H. Pratt (1859) published a second paper on the 
deflection of the plumb line in India which supplies the rudiments for 
the hypothesis known as "Pratt's Theory of Isostasy . " 

Although Pratt admitted in the beginning of his paper that Airy's 

concept of a deficiency of mass beneath the mountain mass was correct, 

he rejected Airy's explanation of the phenomenon and proposed one of his 

own. Pratt (1859* PP« 7^6-7^7) states his objection to Airy's theory 

as follows: 

This hypothesis appears, however, to be untenable for 
three reasons: (l) It supposes the thickness of the earth's 
solid crust to be considerably smaller than that assigned by 
the only satisfactory physical calculation made on the sub- 
ject — those by Mr. Hopkins of Cambridge, He [Mr. Hopkins] 
considers the thickness to be about 800 or 1000 miles at 
least. (2) It assumes that this thin crust is lighter than 
the fluid on which it is suppose to rest. But we should ex- 
pect that in becoming solid from the fluid state, it would 
contract from loss of heat and become heavier „ \j>) The same 
reasoning by which Mr. Airy makes it appear that every pro- 
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tuberance outside this thin crust must be accompanied "by a 
protuberance inside, down into the fluid mass, would equally 
prove that wherever there was a hollow, as in deep seas, in 
the outer surface, there must be one also in the inner sur- 
face of the crust corresponding to it; thus leading to a law 
of varying thickness which no process of cooling would have 
produced. 

Pratt (1859, p. 751) explained the deficiency of matter beneath the 

mountain mass in the following way: 

... At the time when the estrth had just ceased to be 
wholly fluid, the form must have been a perfect spheroid, 
with no mountains and valleys nor mountain hollows. As the 
crust formed, and grew continually thicker, contractions and 
expansions may have .taken place in any of its parts, so as 
to depress and elevate the corresponding portions of the sur- 
face. If these changes took place chiefly in a vertical di- 
rection, then at any epoch a vertical line drawn down to a 
sufficient depth from any place in the surface will pass 
through a mass of matter which has remained the same in amount 
all through the changes. By the process of [thermal] expansion 
the mountains have been forced up, and the mass thus raised 
above the level has produced a corresponding attenuation of 
matter below. !Ehis attenuation is most likely very trifling, 
as it probably exists through a great depth. 

The deflection of the plumb line caused by the mass of the Himalayas 
and the mountain region beyond was calculated by Pratt as 27.978 sec at 
Kali ana (at the foot of the Himalayas) and the difference of the deflec- 
tion of the plumb lines at Kaliana and Kalianpur as 15.931 sec. He then 
computed the deflection as modified by the supposed attenuation below the 
mountains assuming that the level of attenuation extended down to a depth 
of 100, 300, 500 and 1000 miles. His figures showed that the deflection 
at Kaliana, if the attenuation were extended down to the 100 mile level 
would be 1.538 sec and the difference between Kaliana and Kalianpur would 
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be 1.602 see. However, the measured difference of deflection at Kaliana 
and Kalianpur was 5*236 sec which would require a depth of attenuation 
of almost 300 miles o The problems posed by these results led Pratt 
(1859, p. 762) to declare, "... No hypothesis of deficiency of matter 
below, which we can conceive will remove the anomaly. Die disturbing 
cause must be elsewhere; ..." 

Despite the fact that all of Pratt's concepts of the nature of the 
earth T s crust (except that rock densities vary horizontally) have been 
disproved, his theory of isostasy (in greatly modified form) is still 
being used to reduce gravity anomalies and, indirectly, to compute the 
size and shape of the earth. 

The concepts contained in the hypotheses of Airy and Pratt are the 
basis for several isostatic systems in use at the present time; the prin- 
cipal ones being the Pratt-Hayford system, the Airy-He iskanen system and 
the Vening Meinesz system. 

Figure 1 presents a schematic representation of the structure of the 
earth's crust based on the concepts of: (a) Airy, (b) Pratt (modified), 
and (c) a composite view — probably the closest approach to actual con- 
ditions in the crust. 

ISOSTATIC RECOVERY 

Glacial Loading 

The Hudson Bay-Great Lakes area was covered by a continental glacier 
of Wisconsin age which was probably more than 3^000 meters (10,000 ft) 
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Combined 
hypothesis 




Fig, 1. Schematic diagrams of the earth's crust as implied by the 
theories of (a) Airy, (b) Pratt (modified), and (c) combined hypoth- 
esis. Rock density increases with increased density of stippling. 
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thick if an analogy may "be made "with the present ice sheets of Antarctica 
and Greenland. The maximum thickness of the Antarctic ice sheet is 427-0 
meters (14,000 ft), and that of Greenland is 3,300 meters (10,800 ft) 
(Bentley and Ostenso, 196l, p. 886; Holtzscherer and Robin, 195^-j P« 196). 
The shape of the continental glacier was that of a flat -topped shield 
■with relatively steep gradients along the margins. 

The weight of this tremendous mass of ice piled on the earth T s 
crust created a stress which exceeded the strength of the lithosphere, 
and, according to the concept of isostasy, the lithosphere sank into the 
weak layer below (the asthenosphere ) until a condition of approximate 
equilibrium was again achieved. As the ice accumulated the increasing 
weight first caused the lithosphere to be deformed elastically in a 
basin-like shape; then, as the stress exceeded the strength of the crust 
and the asthenosphere, plastic flow occurred in the weak subcrustal layer. 

The movement of plastic material from beneath the glacial area to- 
ward the ocean basins, the floors of which were rising due to the de- 
creasing load caused by the progressive loss of water, was accompanied, 
according to many geologists (e.g., Jamieson, 1882, p. 46l; Barrell, 
1915* P- 13; Nansen, 1927, PP- ^0, k2-kk; Burger and Collette, 1958, pp. 
227-24-0), by an upward bulging of the crust outside the area of depres- 
sion. The formation of the bulge' is. explained by Nansen (1927, pp. 39- 
kO) as follows: 

It is, however, obvious that when, within a certain area, 
the crust is depressed by deposition of sediments [ice] on its 
surface, this will cause an outward flow of mobile matter in 
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the plastic substratum; "but owing to the resistance caused by 
the great internal friction, this flow cannot extend over in- 
definite areas, but -will at first be limited to the surround- 
ing regions, where the surface will be somewhat elevated in a 
belt around the depressed area. The elevation will be highest 
near the latter, and will gradually decrease outward toward 
zero. 

The existence of a noticeable peripheral bulge has been denied by 
other workers who pointed out that the high bending strength of the lith- 
osphere would preserve a bulge to the present time, and that a permanent 
tilt should be recorded in the postglacial beaches south of their "hinge 
lines" — neither condition has been found. However, the apparent lack of 
a bulge may be explained if the peripheral bulge is so low and broad that 
it cannot be detected by present methods of field measurement. 

An estimate of the maximum extent and magnitude of the depression of 
the land due to glacial loading may be gained from an examination of the 
limits of the Wisconsin glaciation as shown in Plate I and from a con- 
sideration of the simple formula 

d i / x 

D" = t -± (1) 

d a 

where D = depth of depression, t = thickness of ice, d-^ = density of ice, 
and d a = density of the as theno sphere. 

The Wisconsin continental glacier extended from its center in the 
latitude of Hudson Bay to the southern boundary of the Great Lakes Lobe 
which terminated in the southern half of the States of Illinois, Indiana 
and Ohio. It must be realized, however, that the limits of the crustal 
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depression did not coincide with the southern limits of glaciation. The 
depression was limited "by the thickness of ice necessary to overcome the 
strength of the underlying crust. Wear the edge -of the ice sheet the ice 
was probably not thick enough to provide the necessary weight for depres- 
sion; whereas j farther in from the edge,, the ice was thick enough for its 
weight to cause elastic deformation, and still farther north the weight 
of the ice exceeded the strength of the lithosphere and asthenosphere so 
that plastic as well as elastic deformation occurred. With sufficient 
time the lithosphere under the glacier would be depressed until hydro- 
static equilibrium was established. 

At the center of the ice sheet, an approximate depth of depression 
may be calculated from the formula D = tg—, if the following assumptions 
are made: (a) the ice thickness was c. 10,000 ft, (b) the ice density 
was c 0.92, (c) the density of the athenosphere is approximately 3.3, 
and (d) the isostatic adjustment was complete. With these qualifications, 
the depth of depression at the glacial center would be on the order of' 
2,800 ft, decreasing in magnitude southward as the ice thinned. The 
profile of depression was probably the inverse profile of the glacier 
surface. 

Glacial Unloading 

The process of glacial unloading began after the regimen of the 
Wisconsin glacier had changed from a positive to a negative balance. 
The retreat of the glacier's terminus, as well as the thinning of the 
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ice sheet "by melting of its upper surface, "brought about the reversal of 
those processes described in "Glacial Loading." The first reaction of 
the depressed crust to the decreased weight of ice -was an elastic recoil 
of the crust; this, in turn, was followed by uplift due to plastic flow 
in the substratum. Plastic deformation occurred when the melt waters of 
the glacier returned to the ocean, and as the load on the land decreased, 
that on the ocean bottom became greater and greater — once again disturb- 
ing the condition of hydrostatic equilibrium — which caused a reversal of 
flow of material in the asthenosphere. 

The ice front retreated about 140 miles north of its southernmost 
extension (crossing the southern boundary of the Great Lakes watershed) 
before glacial margin lakes began to form between the southern moraines 
and the ice front. The glacier continued to retreat in a series of par- 
tial retreats and advances to the time of the Cary-Port Huron interval 
when, according to J. L. Hough (1958, p. 287), the ice front in the 
Great Lakes region probably extended from the vicinity of Oswego, New 
York, to the neighborhood of Beaver Bay, Wisconsin, on Lake Superior; 
passing near Gravenhurst, Ontario, the northern tip of the Saugeen Pen- 
insula, the Straits of Mackinac, Escanaba, Michigan, and the southern 
end of the Keweenaw Peninsula. 

During the time that the glacier was receding c kk-0 miles in a per- 
iod of 2000-3000 years (Hough, 1958, p. 278) elastic and plastic defor- 
mation were acting to restore the southern glaciated areas to their pre- 
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glacial elevations. The amount of land uplift which occurred during this 
period may answer the point brought up "by Sherman Moore (19^8, p. 708) 
when he declared: "... The ice of the Wisconsin glaciation extended al- 
most to the Ohio River > yet the old "beaches show no differential move- 
ment below the hinge lines which cut across the Great Lakes." 

The old beaches failed to show differential movement because the 
land south of the "hinge lines" had almost completely resumed its pre- 
glacial elevation before beaches were formed. This serves to emphasize 
the fact that the amount of land uplift revealed by differential warp- 
ing of glacial lake strandlines since ice retreat is a minimum value 
and represents an unknown proportion of the total recovery from glacial 
loading. 

The process of glacial lake beach formation has been used to explain 
two different concepts of the continuity of land uplift. Proponents of 
both views agree that the strong beaches were formed either during per- 
iods of relatively constant relationships between the water level and 
the land; or during periods of slightly rising water levels. However, 
opinions differ as to the way in which the constant relationships were 
maintained.- 

The more widely-held opinion is that the relationships were constant 
and shoreline features were formed during times when land uplift had 
stopped so that stability prevailed. When land uplift resumed, the shore- 
line features were warped in those areas where isostatic adjustment was 
not complete. 
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The second viewpoint, that shoreline features were formed during 
periods of continuous uplift when the rise of water level kept pace with 
the uplift of the land, has been summarized "by the Norwegian scientist 
and explorer, F. Nansen (1927> pp. 47-^+8), as follows: 

The now raised post-Glacial strand-lines, beaches, and 
terraces of the formerly glaciated regions, have obviously 
been formed during periods of nearly constant relation be- 
tween sea-level and land, or when the sea was rising slightly 
relatively to the land. In an earlier paper [1922] the author 
has tried to prove that such conditions were not created by 
any break in the upheaval, still, less by any new depression 
of the land in late-Glacial or post-Glacial time, as assumed 
by most previous authors. Owing to the lag in the isostatic 
adjustment there must obviously have been so great an excess 
of "buoyancy" in the crust during the period of its upheaval 
that any temporary pause in the melting of the ice-cap, "or 
even a temporary increase of it, cannot have stopped the up- 
lift of the land, and still less have produced a temporary 
subsidence. 

The conditions for the incision of strand-lines, or the 
formation of marked beaches or terraces, have existed during 
periods when the sea-level rose at the same rate as the coast 
or slightly faster, and the coast-line remained more or less 
stable sufficiently long. 

The progressive return of the earth's crust to approximately its 

pre -Wisconsin elevation is manifested by the northeastward shift of the 

areas of horizontality of the strong beaches (Whittlesey, Warren, Iroquois, 

Algonquin and Nipissing) in the Great Lakes region. Plate I shows the 

location of the zero isobase of each of the five strong beaches, the 

Whittlesey beach is the oldest (c 12,700 yrs B.P.). Each beach was 

I 
horizontal .when it was formed; subsequent upwarping northeast of the zero 

isobase indicates that uplift continued here long after it had ceased 

southwest of the zero isobase. 
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According to one concept, after upwarping of the older shoreline 
northeast of the zero isobase occurred, crustal movement must have 
stopped in order that the shoreline features of the succeeding lake "be 
formed; if Nansen's concept is followed, the rates of uplift and rise in 
the lake's water level must have been synchronous in order for shoreline 
features to form. After the formation of the shoreline features of the 
younger lake, upwarping either began again or proceeded faster than the 
rise in water level, depending on which concept is followed, so that the 
shoreline features of the younger lake were warpedo This process oc- 
curred for each of the glacial lake shorelines. 

The last distinct postglacial strand line to show upwarping is the 
Mpissing, which ended about 3,200 years before the present time (Farrand, 
i960, p. 125, Table III). The area of horizontality of the Nipissing 
beach outlines that portion of the Great Lakes area where pre-glacial 
elevations have been restored to approximately their former altitudes. 
The degree of restoration is probably not complete due to the thick over- 
burden of glacial drift which covers the glaciated region south of the 
Canadian Shield. 

The drift, composed of material carried to the area by the four 
continental glaciers, has an average thickness of about 300 feet in 
southern Michigan and northern Indiana (Leverett and Taylor, 1915* P- 6l) 
and a maximum thickness of more than 700 feet in Michigan (Aker, 1938). 
The thickness of the drift deposited in the Great Lakes basins should 
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also "be hundreds of feet. Although the portion of the total drift thick- 
ness contributed "by the Wisconsin glacier is unknown, it was certainly- 
appreciable and its weight would probably keep the bedrock from attaining 
its full pre-Wisconsin height. 

The above situation in the Great Lakes region may be contrasted 
with the one which exists in the Canadian Shield— the source area of the 
drift. Material from the Shield was removed by the ice and deposited 
elsewhere, making lighter the load on the underlying bedrock. Because 
the weight which formerly existed in the central area of glaciation is 
now distributed either in the outer areas of glaciation or carried away 
to the oceans, isostatic adjustment, when complete, should allow the 
Canadian Shield bedrock surfaces to become higher in elevation than they 
were before glaciation. 



III. DETECTION AND MAGNITUDE OF UPLIFT 

Land uplift in Fennoscandia and the Great Lakes region has been 
measured quantitatively "by three methods: (a) "by measuring the warping 
of former shorelines, (b) by comparing water-level records over a long 
period of time, and (c) by precise leveling. In addition, gravity meas- 
urements and earthquake intensities have been used in a qualitative way 
to both affirm and deny the existence of residual depression and conse- 
quent modern uplift in these areas. 

Warped Glacial Lake Shoreline Features 

The most positive method of demonstrating the existence of postgla- 
cial uplift is by measuring the warping of the depositional and erosional 
land forms produced by the action of the former lake surface. Due to the 
length of time in which the upwarping action was able to act, the upwarp 
of the shoreline features amounts to tens or hundreds of feet as they are 
traced from south to north. 

The shoreline features used to determine the amount of uplift in- 
clude: beaches and bars (deposits of sand or pebbles accumulated by on- 
shore and along-shore waves and currents), deltas, wave -cut and wave- 
built benches, wave-cut cliffs and outlet, channels . These glacial lake 

features are now found at a higher elevation and farther inland than 
present lake features. 

32 
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In order to cover the. greatest area possible, the majority of the 
investigators who mapped the shoreline features of former lakes used al- 
timeters or hand levels to determine their elevations . The inaccuracies 
inherent in the instruments and methods coupled with the difficulties of 
determining the elevation of the former water surface — i.e., of correla- 
ting wave -cut features with wave -built features of lakes whose surfaces 
varied several feet in elevation from year to year — result in elevations 
which are probably accurate from - 5 to t 10 feet. Although some eleva- 
tions were determined "by spirit level or "by hand level from near-by known 
elevations, the uncertainities of measuring features formed "by a fluctu- 
ating water surface remain; thus making an accuracy of better than ± 5 
feet rather unlikely (Robinson, 1908, pp. 311-8-358). 

Gilbert's (1890, p. 368) method of representing a warped plane was 
followed by G. D.e Geer (1892, p. ^57), the Swedish glacial geologist, 
who connected points of equal deformation with a line which he called an 
"isobase." The isobase of zero deformation which marks the boundary be- 
tween the area of horizontality of the glacial lake features and its area 
of warping was called the "hinge line 11 by J. W. Goldthwait (1908, p. V73) 
and subsequent workers. However, the term "hinge line" connotes a def- 
inite demarcation between the hprizontal and warped areas which does not 
actually exist; as Farrand (i960, p. 9) has recently pointed out, "the 
apparent hinging effect shown in most profiles of former water planes 
(...) is produced by the exaggeration of vertical scale which is neces- 
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sary in such diagrams." Farrand (i960, p. 90) later called attention to 
the fact that the "isobase of zero uplift for the Ripissing "beach ... is 
difficult to determine within 10 or 20 miles because of the extremely low 
slope of the water plane as it approaches horizonality [1:13,900]." 

The difficulty of locating the position of the intersection of the 
warped and horizontal portions of glacial lake shorelines having gradi- 
ents ranging from c 1:1,^00 to 1:14,000 may justify substituting the 
term "transition zone" for "hinge line." 

This problem of illustrating on a vertical profile the change from 
horizontal to upwarped lake shoreline features is one facet of the over- 
all problem of representing in .two dimensions a phenomenon (occurring on 
an ellipsoidal earth) which has extremely large horizontal dimensions 
when these dimensions are compared to its vertical extent. 

The extreme shallowness of the depression caused by the continental 
glacier at its maximum may be illustrated by comparing the southward ex- 
tent of the ice sheet of 1,300 miles with the possible depression of the 
earth's crust of 2,800 feet at the center of the glacier. The average 
gradient in this case would be c 1:2,450 or the slope angle would be c 
1 mi-n 2k. /sec . 

Distortions induced by the grossly exaggerated vertical profile neces- 
sary to show the relationships of horizontal and uplifted areas of shore- 
line features have led to the use of the term "doming" or "updoming" to 
describe the action of the land recovering from depression. An examina- 
tion of Fig. 2 reveals that the "doming" is illusory, caused by the up- 
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(a) Land sky line profile before glaciation. 




(b) First glacial lake stage. 




(c) Continued retreat of glacier- uplift of shorelift features. 




Area of horizontally 



1st lake warped shorel^ — 



2nd lake warped shoreline features 



Depressed area 




(d) Continued recovery of land and warping of 2nd shoreline. 



Fig. 2. Schematic diagrams showing recovery of the depressed regions 
and upwarping of shoreline features. 
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warping of sections of former shorelines. The crust which was depressed 
under the weight of the ice rises only until it assumes its preglacial ele- 
vation; the elevation of the lapd at the center of the ice sheet may "be 
higher after isostatic recovery than it was before glaciation (see p. 31). 

The glacial lakes were formed in topographical low areas of the 
regions depressed "by the weight of the ice sheet; usually (as shown by 
the attitudes of former beaches) the lakes extended from non-depressed 
regions to the depressed regions in front of the glacier. The shore- 
lines reached from an area of horizontality, across an area free of ice 
but still depressed due to the lag in isostatic recovery, to the glacier 
front. After a period of time in which the glacier retreated to a new 
position, another lake formed at a lower elevation than the first; iso- 
static recovery occurred and the depressed area rose to approximately 
its former elevation; carrying with it the former shoreline. Thus the 
former depressed areas are now essentially horizontal, although part of 
the former shorelines are now upwarped. 

The positions of the isobases of zero deformation shown on Plate I 
demonstrates the fact that the zero isobases are almost parallel with each 
other and that the locations of the zero isobases show successively 
younger isobases to be northeast of the older ones. 

Isobases found on maps depicting postglacial uplift of the land 
(Hough, 1958, Figs. 3^, k2, 51; Flint, 1957, Figs. 1^-1, 1^-2, 1^-5, lk- 
6, 14-9; Daly, 193^, Fig. 6k; Sauramo, 1939, Fig. 1, etc.) are regional 
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isobases, and, "by smoothing out irregularities, show the "broad gently 
curving trends of deformation/ However, detailed studies of the local 
trends of the isobases have revealed that the amount of uplift, as well 
as the direction of the trend, was influenced "by geological and topo- 
graphical features (peGeer, lS92, p. 4-58; Leverett and MacLachlan, 193^-, 
p. 550; Sauramo, 1939, PP- 15, 21-23; MacLachlan, 1939, PP» 63, 80-82 ) . 

MacLachlan (1939, pp. 80-8l) studied the Glacial Lake Warren shore- 
line and found that: 

. . . The water plane of Lake Warren was not only deformed 
by northeastward tilting as indicated "by straight line iso- 
bases connecting widely separated points, but there was also 
local deformation of the area along these isobases of regional 
tilt and this local deformation reflects the major details of 
buried structures. 

In addition, the spacing of the regional isobases indicates that the 
former shorelines were not tilted as flat planes, but were warped upward 
into gentle curves. The progressively closer spacing of the isobases to 
the northeast shows that the concave profile of the shorelines became 
steeper to the northeast, 1 and, consequently, that the rates of uplift 
increased in that direction. 

Average r&tes of uplift for six shorelines in the Great Lakes region 
(Whittlesey, Warren, Grassmere, Algonquin, Iroquois and Nipissing) are 
given in Table 1. The rates were found by measuring from the zero iso- 
base to the highest definite isobase of the shoreline being measured. 
The average rates do not illustrate the progressive steepening of the 
shoreline profiles to the northeast, e.g., the average rate of uplift for 
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the Nipissing shoreline in the Superior "basin is 0A9 ft per mi; whereas, 
Farrand (i960, p. 56) finds that: "It is horizontal south of Knife River, 
Minnesota, hut slopes O.38 ft per mi in the Tofte-Lutsen area, O.te ft per 
mi near Grand Portage, Minnesota, and 0o50 ft per mi in the Nipigon, 
Ontario, area. ,T 

Rates of uplift computed from the elevations of former shoreline 
features are hased on quantities which could "be the result of up to 
13,000 years of land uplift; furthermore, the differences in elevation 
between the zero isobases and the isobases of maximum, deformation are 
measured in tens or hundreds of feet. The magnitude of these quantities 
is great enough for elevations determined by ordinary methods of spirit 
leveling (corrected for meteorological effects and for the fluctuation 
of the modern lake datum) to be used in the calculation of accurate 
rates of past uplift. 

This situation contrasts greatly with the determination of modern 
rates, of uplift by means of precise leveling; or by means of water-level 
gage records; where the period of record is measured in tens of years and 
the magnitude of uplift is in hundredths of a foot, in tenths of a foot, 
and, in some cases, in feet. Under these circumstances, errors in the 
determination of elevations which would be insignificant in the calcu- 
lation of rates of past uplift constitute such a large proportion of the 
total amount of modern rates of uplift that the modern figures could be 
valueless. 
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Water-level Gage Comparisons 

Modern land uplift values have "been calculated from comparisons of 
water-level gage records (tide gage records and lake-level gage records) 
taken over a period of 50-100 years. The principle forming the basis for 
this type of computation is that of "water leveling; " which, as defined 
by the U. S. Coast and Geodetic Survey, is: 

A method of obtaining relative elevations by observing 
heights with respect to the surface of a body of still water . 

Die surface of a body of still water, as of a lake, is 
a level surface ( equipotential surface ), and the relative 
elevations of objects along its shores may be obtained by 
taking the differences of their heights with respect to the 
surface of the water. ... (Mitchell, 19^8, p. k6) . 

The comparison of heights taken from tide gage records furnished 
the necessary data for the computation of rates of uplift around the 
Gulf of Bothnia and the Gulf of Finland in Fennoscandia, and differences 
in elevation of lake -level gage stations have supplied information nec- 
essary for the calculation of rates of uplift in the Great Lakes region 
and the lake district of Finland. 

Tide gage records are used not only to provide a direct means of 
calculating rates of uplift, but are also used indirectly when uplift 
rates are determined by precise leveling. Mean sea level (MSL), the 
standard datum for elevations, is established by means of tide observa- 
tions taken over a number of years; in addition to providing the standard 
datum, primary tide gage stations are used as starting and "tie-in" points 
in the precise leveling net (Marmer, 1951j> p. 67; : Hayford, 1922, pp. 1J1- 
132). 
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Great Lakes rates of land uplift are also influenced by this indi- 
rect function of tide gages determining mean sea level if absolute rates 
of movement are desired — lake -level gage records alone allow only relative 
rates of uplift to be found. Tide gage stations in the New York City area 
(Sandy Hook, New Jersey; Governors Island, New York; Fort Hamilton, New 
York; and the Battery, New York City) have been the starting points for 
level lines used to establish elevations in the Great Lakes region; there- 
fore tidal records of the New York City area are important in the deter- 
mination of Great Lakes absolute rates of uplift. 

WATER-LEVEL GAGES 

The component parts of the water-level gage station illustrated in 
Fig. 3 are common to almost all permanent installations. A recording 
device is mounted on a stable platform situated over a stilling well 
which is connected to open water by a pipe of relatively small diameter. 
The stilling well with its restricted inlet eliminates short period fluc- 
tuations without affecting the recording of the water level. The .re- 
corder consists of two basic parts, one is a clock mechanism to move a 
roll of paper under a stylus at a uniform speed, and the other is a 
height registering mechanism with a float which, through a linkage of 
float-line and gear train, moves the stylus a distance which is propor- 
tional to the change in water level. 

An index (zero) mark on the stable platform is connected 
by a double line of spirit leveling to three or more permanent bench 
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marks. At regular intervals the leveling from "bench marks to gage is 
repeated in order to detect any changes in the zero of the gage* Peri- 
odically^ an observer, using a staff gage or electric contact tape, 
measures the distance from the index mark to the surface of the "water; 
he records this figure and the time so that during tabulation of the 
record the automatic gage record may he correlated with the elevation of 
the index mark. 

After the automatic gage roll has "been removed from the recorder, 
hourly elevations are tabulated from the continuous curve of the recorder 
roll in order to provide a basis for computing daily, monthly and yearly 
mean water-level elevations. 

Water leveling, the determination of mean sea level, and the cal- 
culation of rates of land uplift from water-level records are all based 
on the tacit assumption that the mean elevation of the water surface as 
determined by the record from the gage station represents the actual 
mean elevation of the body of water. This assumption would be very nearly 
true if the surface of the water body were a level surface (equipotential 
surface), and if the tabulated values of the water elevation were repre- 
sentative samples of the level surface elevations However, the water 
surface is rarely, if ever, a level surface and its elevation, as re- 
vealed by water-level gage records, is affected by a number of factors 
whose influence must be removed or rendered insignificant if the gage 
readings are to an accurate representation of the actual elevation of 
the water surface. 



Some of the factors -which disturb the level of the surface of a body 
of water or distort its true elevation, i.e., meteorological effects, op- 
erator and instrument errors, benchmark and/or gage movements, are common 
to both sea and lake surfaces; whereas, other influences, i.e., the eusta- 
tic rise of sea level, density changes and tides, are important only in 
computing elevations of the sea surface. 

Tide Gage Comparisons 

The principle underlying the calculation of rates of land uplift by 
means of tide gage comparisons is a simple one — the elevations of certain 
fixed points along a coastline (tide gage index marks) are compared with 
a plane of zero elevation (mean sea level) over a long period of time. 
If the differences between the zero plane (MSL) and the elevations of 
the tide gage marks remain constant, no uplift has taken place; on the 
other hand, if the differences increase with respect to the zero plane, 
uplift has occurred; and the rate of uplift is found by means of the 
equation for a straight line 

y = mx + b (2) 

where y = the differences in the elevation of the tide gage; x = the 
time in years; b = uplift at the start of the time series; and m = the 
angle coefficient, the value of the rate of yearly land uplift. 

The principle is a simple one, but difficulty arises in practice 
due to the problem of establishing the zero plane; that is, the true 
mean sea level. Because the factors, e.g., meteorological effects, 



tides , operator and instrument errors, influencing the determination of 
mean sea level vary their effects from one time to another, as well as 
from one geographical location to another, they must be discovered, 
their magnitudes computed, and their effects removed from the recorded 
data before an accurate mean can be found. 

Requirements as to the degree of accuracy which is necessary for 
establishing mean sea level varies for different purposes — due to the 
very small magnitude of modern land uplift, about 0.008 ft/lOO mi/yr 
(see page 91 ), the accuracy requirements which are necessary when deal- 
ing with this phenomenon are stringent; thus the effects of the disturb- 
ing- elements must be removed until their residual influence is very 
small . 

Tides 

One of the factors producing the greatest deviation of the sea's 
surface from that of a theoretical equipotential surface is the tide, 
which is defined as: "The periodic rising and falling of the water that 
results from the gravitational attraction of the moon and sun acting upon 
the rotating earth." (Schureman, 19^9, p. 36). The equipotential sur- 
face necessary for use as a datum plane is approached when the effects 
of the tide and meteorological factors are eliminated by using tide gage 
records tc determine the mean sea level. 

Because tide -producing forces vary on a daily, monthly and yearly 
basis, it is necessary that tidal records be taken over a number of 
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years before mean sea level can "be established. H. A. Marmer (1951, pp. 
63-6^) of the U. S. Coast and Geodetic Survey states that: 

A period of 19 years is generally considered as consti- 
tuting a full tidal cycle, for during this period of time the 
more important of the tidal variations will have gone through 
complete cycles. It is therefore customary to regard results 
derived from 19 years of tide observations as constituting mean 
values . ... 

If the mean level of the sea remained constant over long 
periods of time and if the coast were absolutely stable, we 
might expect sea level at any place determined from one 19- 
year series to be the same as that derived from another such 
series even if separated by a number of years. Apparently ^ 
however, this is not the case, and for precise purposes it 
is therefore necessary to specify the particular epoch used 
in the determination of mean sea level. ... 

For New York Harbor there are available 56 years of obser- 
vations, from 1893 through 1 9*1-8. This permits three 19-year 
series, 1893-1911, 1912-1930 and 1930-19^8, the last two hav- 
ing the year 1930 i* 1 common. For the series 1912-30, sea 
level referred to a number of bench marks in the vicinity of 
the tide station was 0.09 foot higher than for. the series of 
1893-1911; for 1930-19^8 it was 0.29 foot higher than for 
1895-1911, and 0.20 foot higher than for 1912-1930. 

It would appear from the above quotation that mean sea level derived 
from periods of 19 or more years would eliminate almost all of the dis- 
turbing influences produced by the tides and meteorological effects; 
however, the gradual rise of mean sea level at tide stations outside 
areas of known crustal movements points to an eustatic change in sea 
level ; and, considering local areas, to residual meteorological effects 
of long period climatic changes. 

A consideration of long period variations in mean sea level is im- 
portant in the calculation of rates of land uplift by precise leveling 
where re -leveling is carried out ^-0-80 or more years after the initial 
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precise leveling. The long period rise in sea level may have two effects — 
both causing a relative subsidence of the land — if compensation for the 
rise is not carried out. In the case of tide gages and accompanying 
bench marks which are located in an area of land uplift, such as Fenno- 
scandia, the failure to correct for long period changes in mean sea level 
will cause the rate of land uplift to appear to be too small because the 
zero reference plane is rising at the same time that the land is being 
uplifted. The rate of rise of mean sea level must be added to the rate 
of land uplift if the true rate of crustal movement is to be determined. 

The second effect of apparent subsidence occurs when a series of 
bench marks are re -leveled after a number of years, and the calculation 
of elevations is made on the assumption that mean sea level remains con- 
stant over long periods of time. In this case, the zero dat-um is assumed 
to have the same relation to the tide gage bench mark for the second lev- 
eling as it had for the first leveling; whereas, it is actually closer to 
the bench mark. Because the zero datum plane is held constant, it ap- 
pears that the bench marks are subsiding; although, no actual crustal 
movement has occurred. This effect of apparent subsidence may be illus- 
trated by an example based on information contained in the quotation 
taken from H. A. Marmer (see page k-6). 

Mean sea level in New York Harbor rose 0.29 foot from 1902 (mid-point 
I.893-I9II series) to 1939 (mid-point 1930-19^8 series)— if a line of pre- 
cise levels were run in 1902 and again in 1939; and if it were assumed 
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that no change had taken place in the elevation of mean sea level; then 
the bench marks would t appear to have subsided 0.29 foot in 37 years, or 
at a rate of about 0.78 foot per 100 years. 

Meteorological Effects 

It has long been known that the level of the sea is affected not 
only by astronomical tides, but also by the force of the wind which blows 
across the surface, causing a piling up of water on the lee shore and a 
lowering of water level on the windward shore. Although this effect of 
the wind has been known since ancient times, it was not until l8o4 that 
the influence of barometric pressure on the level of the sea was demon- 
strated. In l8o4, a Swedish physician named Schulten correlated changes 
in barometric pressure with variations in the height of water level in 
the Baltic Sea and discovered that at a given locality the greatest in- 
crease in height of the water corresponded to the greatest depression of 
the mercury column of the barometer. He found that the maximum varia- 
tion of 2.5 inches of the mercury column was the equivalent of a change 
in sea level of J>k inches, which corresponds very closely to the theo- 
retical ratio of 1:13.21. Schulten T s measurements together with his ob- 
servation that the rise in sea level always preceded the drop in the mer- 
cury column, led him to conclude that the change in level was due "to the 
unequal pressure of the atmosphere upon different parts of the surface; 
..." (M'Culloch, 1845, p. 269). 
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Despite the fact that the term "meteorological effects 1 ' could be 
applied to changes in water level "brought about by local additions of 
water to the sea by rain and river discharge, as well as by density dif- 
ferences caused by dilution of the salinity of the sea and temperature 
changes, it usually includes only the effects of wind and barometric 
pressure (see Fig. ^a and Vb). 

Wind Slope 

As wind blows over a water surface an interfacial stress is pro- 
duced by the viscous drag of the moving air on the water and by the form 
drag of the waves and wavelets . (Montgomery, 1952, p. 132). This stress 
causes the water to move in a general downwind direction until it reaches 
shallow water or the shore where a piling up of the water creates a slope 
of the water surface. The surface slope, in turn, creates a gradient or 
gravity current which flows beneath, and in opposite direction to, the 
wind-drift current. 

Various authors have labeled this wind-induced surface slope (after 
corrections have been made for the barometric effect) a "wind slope," a 
"wind denivellation, " a "wind tide," a "wind effect," a "winds tau, " and 
wind "set-up." The term "wind slope" best describes this phenomenon; as 
"wind denivellation, " while the most precise term is probably too long 
to be commonly used; "wind tide" has the connotation of periodic rising 
and falling due to astronomical influences; "wind effect" is not definite 
enough; "windstau" when translated as an "accumulation" or "banking up" 
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by the wind has the proper meaning "but is not as precise as "wind slope; " 

and the engineering term "set-up" is "best used as 

. . . either the displacement of the water surface at the lee- 
ward end of the channel with respect to the undisturbed level 
of the water or the difference of the displacement of the 
water levels at the windward and leeward ends of the channel, 
that at the windward end being negative (Keulegan, 1951, P- 

565). 

Two equations taken from G. H. Keulegan (1951* PP- 360, 576) illus- 
trate the relationship which exists between the wind and a body of water 
when a slope is created through wind action. The theoretical develop- 
ment of the equations for determining the interfacial stress and vind 
slope assumes that: 

(a) the air and water are homogeneous, 

(b) the eddy viscosity is independent of depth, 

(c) the stability of the air is nearly "indifferent," and 

(d) an "equilibrium" state of the sea exists. 

(Sverdrup, et al . , 1942, pp. 473, ^76, 491, 492, 495, ^98; Montgomery, 
1952, p. 133; Hutchinson, 1957, pp. 257, 265, 266, 267.) 

The set-up, the difference in elevation of the water surface between 
the- windward and leeward ends of a body of water, may be determined by 
the equation 

n.T s L 



s - Sir O) 



where 



■s 



= K sPa V 2 (4) 
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and "where 

S = total set-up 



n = numerical coefficient based on _£ + ± } vhere t = bottom stress 



and t s = surface stress 



t s = tangential surface stress 



L = distance between the maximum, and minimum water elevations 

p = density of the liquid 

g = acceleration due to gravity 

H = undisturbed depth of water 

p a = density of moist air 

K s = drag or resistance coefficient, also written C^ and / 2 

V 2 = component of wind causing the maximum set-up 

An accurate determination of set-up from the quantities involved in 
equations (3) and (k) is difficult due to the wide variances existing in 
the values for n, K s and the exponent of V. 

The quantity n (also labeled x, H and C s ), the ratio of the bottom 
stress to the surface stress, varies from 1 to 1.5, depending upon the 
assumptions made by the investigator, and whether the flow is laminar 
(n = 1.5) or turbulent (l <: n < 1.5) (Hellstrom, 19^1, pp. 25, 51; 
Keulegan, 1951, pp. 56, 6l; Van Dorn, 1953, P-253; Hutchinson, 1957, p. 

273). 

The extreme range of values for the drag coefficient K s . is aptly 
illustrated by B. ¥. Wilson's (i960) review of the work of some ^7 
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investigators dealing with wind-stress measurements. After "... adapt- 
ing the laboratory data for wind speeds at 10-cm height (usually) to 
prototype conditions of wind speeds at 10-m height ..." and adjusting 
the results of various workers to the "U 2 Law/' Wilson (i960, p« 338l) 
found that: 

The over-all average value (for strong winds) is 2.37 x 10" 3 
with a standard deviation of 0. 56 x 10 , ... 

The average value of C^ for light winds is found to he 
1.49 x 10" 3 with a standard deviation of O.83 x 10" 3 . ... The 
over-all range of values in this case extends from 0.4 x 10 
to k.2 x 10~ 3 and even 6.2 x 10 3 ; though the latter value has 
"been discounted in the averaging. . . . 

It may he seen from the conclusions reached in Wilson's paper that 
the determination of the value of the drag (or resistance) coefficient 
has improved only slightly since 1952 when R. B. Montgomery (1952, p. 
13*0 declared "... the present evidence is so conflicting that at no 
wind speed is the resistance coefficient known confidently within half 
its value . " 

The third key quantity, the exponent of the wind velocity, as ex- 
pressed in the general formula of equation (k) , that is 

T s, = K sPa (V-v ) m (5) 

(where v Q = the velocity of the surface water, which is small as compared 
to V and is dropped) is usually taken as the square power; although 
values from 1.5 to 5 have been used (Wilson, i960, p. 3378; Hutchinson, 
1957, PP. 273-275; Sverdrup, et al., 19^2, p. 490). 
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The determination of the wind velocity term — usually considered as 
V 2 — is further complicated "by the fact that the set-up (as measured at 
any point) is the result of two component winds , a regional wind and a 
local wind. Therefore, it is necessary to determine the velocity of two 
winds whose influence varies in relative importance in response to chang- 
ing velocities, durations and areal extent (Miller, 1958, p. 1; Galle, 
1925, PP. 917-918). 

Theoretical determinations of the types of wind-driven currents 
in the ocean and their direction of motion with respect to the wind have 
been derived "by V. W. Ekman and others from the Euler-Navier theory of 
laminar flow with the coefficient of viscosity in the equations "being 
replaced "by an "eddy" viscosity, a mechanical viscosity which depends 
upon the nature and state of motion of the fluid. The development of 
these theories also requires that the assumptions listed in a previous 
paragraph he made; i.e., that: (a) the air and water he homogeneous, 
("b) the eddy viscosity be independent of depth, (c) the stability of air 
and water be nearly indifferent, (d) equilibrium state of the sea exists, 
and in addition that, ( e r ) " the. .waiter be, so. deep that, no bottom stress- 
exists, and (f ) that the horizontal stresses and their frictional forces 
not be considered. (Sverdrup, et al . , 19^-2, pp. 469-500; Hutchinson, 1957, 
pp. 259-273; Hellstrom, 19^1, pp. 21-51; Eckart, i960, pp. 1, 65-71, 
95-97). 

Because conditions in nature seldom conform to the assumptions under- 
lying the theoretical basis for determining the types of currents and their 
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relations to the -wind, "because laminar flow rarely, if ever, occurs in 
large natural "bodies of water, and "because doubt has "been cast on the 
validity of using the Euler-Navier theory with the replacement of |jl 
(dynamic coefficient of molecular viscosity) "by e (coefficient of eddy 
viscosity) and v (kinematic coefficient of molecular viscosity) by K 
(kinematic coefficient of eddy viscosity) for turbulent flow (Dryden, 
et al. , 1956, pp. 389-390), the numerical values derived by Ekman for 
the angles between winds and wind currents, for the depths of frictional 
resistance, for the sizes of the bottom Ekman spiral, etc., at various 
water depths do not have the universal application that other investi- 
gators have given them. 

The improbability of constructing an exact and complete mathematical 
model of the varying, interacting factors which exist in nature in the 
oceans and atmosphere demands a constant .analysis and adjustment of 
theory when theoretical results conflict with observations of natural 
conditions. Very often .empirical observations of the angles between 
wind direction and wind-drift currents in the oceans and in shallow 
bodies of water have been dismissed as being in error when they dis- 
agreed with Ekman f s angle of ^-5°; in addition, the results of current 
measurements and directions of water slope have been questioned because 
Ekman' s theory predicted very small or no angles between wind direction 
and current direction and water slope. Although Ekman' s theory was the 
first and most important workable explanation of ocean currents, as with 
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any theory it must be evaluated in the light of new knowledge . 

Long Period Meteorological Changes 

Changes in wind velocities and "barometric pressures throughout time 
are important as the existence of land uplift revealed "by tide gage rec- 
ords taken over a number of decades may be obscured by a progressive 
change in mean sea level caused by long period changes in the atmospheric 
circulation. This type of change in mean sea level can be brought about 
by a residual meteorological effect, as well as by eustatic change in 
sea level— neither of which is eliminated by averaging the tidal records 
over a full tidal cycle of 19 years (Marmer, 1935 j PP- 30, 33 * ^8; 1948, 
pp. 201-02; 1951, pp. 63-64). At least two investigators (Kaariainen, 
1953* P- 27; Bergsten, 1930, p. 52) have pointed out that presumed vari- 
ations in the amount of land uplift, as revealed by tide gage records 
corrected for known meteorological effects and eustatic change, are 
actually mean sea level variations resulting from long term climatic 
fluctuations . 

The increase in mean sea level of 0.29 foot from 1902 to 1939 in 
New York Harbor (or O.78 foot per 100 years) may be also partially or 
wholly explained by long range temperature and wind field changes. 

Recent studies (Mather, 1954, PP- 287, 297; Baum and Haven, 1956, 
pp. 441-42, 447-48; Bjerknes, 1959, PP- 65-69; Landsberg, i960, p. 1519) 
have shown that changes in the over -all circulation of the atmosphere, 
revealed by increased temperature and pressure changes, have occurred 
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in the last fifty years. During this period, which corresponds approx- 
imately with the time that continuous tide records of New York, Harbor 
have "been kept, the temperature over the Northern Hemisphere has in- 
creased and the pressure differences in the North Atlantic off the east 
coast have also increased. 

The water supplied "by the melting of the glaciers and the increased 
heating of ocean waters shown by the increased annual temperature may "be 
the chief causes of a eustatic change of sea level amounting to about 11 
cm/100 years (Gutenberg, 19^1, PP- 729-30; Kuenen, 1950, pp. 532-35). A 
eustatic rise of sea level of this magnitude would increase the elevation 
of mean sea level in New York Harbor by 0.13 foot from 1902-1939- 

The height of mean sea level in New York Harbor is affected pri- 
marily by astronomic tides and by water piled up by barometric pressure 
differences and the wind. Another factor which may influence the height 
of mean sea level at this location is variation in the discharge of the 
Hudson River — the discharge averages 26,000 cubic feet of fresh water 
per second at the Narrows, according to H. A. Manner (1935 * P- 2). 

The barometric pressure effect and wind slope are composed of local 
and deep water components, both of which depend upon large scale atmos- 
pheric pressure differences. If mean sea level is derived from 19 years 
of tidal observations, the meteorological effects as well as the astro- 
nomical tides should be eliminated. However, if a progressive increase 
in pressure and geostrophic wind has taken place since the l890's as 
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suggested lay Bjerknes! (195%, P- 69), the residual effect of the increased 
piling up of -water would he a rise in mean sea level- This increase 
could account for the 0.l6 foot of mean sea level increase at New York 
remaining after the 0.13 foot change due to the eustatic rise of sea 
level had been accounted for. 

Effect of Tide Gage Location 

Primary tide stations which provide the necessary data for the com- 
putation of land movement, as well as for furnishing end points of pre- 
cise leveling lines, are usually located near coastal cities and towns 
which are almost always "built along estuaries and harbors. The factors 
that i:nfluence the elevation of mean sea level (tides, wind slopes and 
barometric pressure differences), have their greatest effect at those 
places where the water is shallow. In addition, the phenomenon of reso- 
nance which Proudman (195^, P* 200) calls: "the primary cause of the 
pronounced amplification (of the tide) observed in some gulfs and 
estuaries ..." occurs in hays, harbors and estuaries. In other words, 
in many cases primary tide gages are situated in those areas where changes 
in the terrestrial and submarine topography will have the greatest effect 
(Harris, 1907, pp. ^35, ^53, ^55; Hayford, 1922, pp. 123, 12k; Marmer, 
1935, PP. 15, ^3, 52; 1951, pp. 23, ^5; Sverdrup, et al., I9te, pp. 539, 
55J+, 562; Harris, 195^, P- ^5; Proudman, 195^, pp. 199, 200, 202; Defant, 
1958, pp. 68, 75). 
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Land uplift, due to its small magnitude (e.g.,. 0.75 foot/100 
miles/lOO years in the Baltic region), cannot be accurately measured 
unless index marks are compared -with mean sea level over a period of 
several decades. If mean sea level (sis determined by tide gages) changes 
during this period, the variation must be compensated for before land up- 
lift can be calculated. During the decades in -which the records are 
being taken, natural and man-made changes occur in the coast line and 
in the submarine topography which affect the range of the tide (Marmer, 
1951* PP- 132-133). For example: the dredging of channels and dumping 
of spoil in shallow water; the filling in of shallow areas to extend 
the shore; the building of breakwaters, groins, piers, etc.; the growth 
of spits, bars and deltas; all change the configuration of the bottom 
and the shore, which in turn influences the height of the tide and of 
wind setup thus effecting the determination of mean sea level. 

Two additional factors, which may influence the determination of 
mean sea level at tide gages which are located in estuaries and straits 
are: (a) variations in the discharge of the stream, and (b) the dif- 
ference in range of tide on opposite shores of a strait due to the de- 
flective force of the earth T s rotation (Marmer, 1935, pp. 19, 21, 57, 
67-68; 1951* P- ^5; Jensen and Sinding, 19^5 > PP« 16-19). Adjustments 
must be made for these factors when the records of two different tide 
gages are compared; or when records covering a number of decades from 
one tide gage are compared. 
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Instrument and Operator Error 

The use of modern recording gages, modern operating procedures, and 
modern methods of record reduction have reduced the limits of error in 
the determination of mean sea level to negligible proportions for ordi- 
nary purposes; however, the computation of the rates of land movement 
from water-level records must use still more accurate methods because of 
the very small magnitudes involved. An additional problem stems from the 
fact that calculation of rates of crustal movement requires that mean 
sea level figures derived from relatively accurate modern instruments 
be compared with mean sea level determinations of forty, fifty, or more 
years ago — a period when neither the instruments nor the procedures were 
as precise as those of today. In order to evaluate the accuracy of 
water-level records, it is necessary to examine the errors which may 
have their source in the recording instrument and its operators. 

Errors may enter in the determination of mean sea level in one or 
more of the following steps: (a) in the recording of relative sea level 
by the automatic gage, (b) in the recording of "absolute" sea level by 
the operator using a staff, hook, or electric tape gage, and (c) in the 
reduction of data from the continuous curve of the automatic water-level 
gage to daily, monthly, and yearly means. The discussion of instrument 
and operator error will not include the effects of obvious gross errors 
resulting from equipment malfunctions (e.g., leaky floats, improperly 
calibrated staff gages, freezing of float in the stilling well, etc.), 
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or personnel blunders (e.g., failure., to read, and record numbers correctly, 
failure to keep stilling veil inlet clear, failure to take staff gage 
readings, errors in computations, etc.). 

. Water-level recorders, being, float operated, instruments, are sub- 
ject to certain errors inherent in their construction* The errors are 
usually very small in instruments of modern design -with large floats, 
and light lines and counterweights; they assume, much greater propor- 
tions, however, in the more crude instruments of 50-100 years ago. 

As may be seen in Fig. 3 (p. k-2) , the float, through the medium of 
the float line and counterweight, performs work in operating the recorder 
pen. Owing to the friction in the instrument there is a lag between the 
force being applied by the water and the recording of the water level on 
the recorder chart. If the index is set while the float is rising, the 
rising stages will be recorded correctly, but the falling stages will be 
above the true level by the amount of the "float lag; " if the index is 
set for a falling stage, the rising stage will be low due to the lag. 

When the float rises, part of the float line passing over the pulley 
adds its weight to the counterweight; thus lifting the float and causing 
the index pen to register a height greater than the elevation of the 
water level. When the water level goes down, the weight of the increased 
length of line is added to the float, causing the pen to record an ele- 
vation lower than the actual water level. If the counterweight and the 
line enter the water, their weight will be reduced by buoyancy; the float 
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will sink deeper into the water and the recorded water level will be' too 
low (Stevens, n.d., pp. 20-27; 1919-1920, pp. 39^-395; Corbett, et al . , 
19^3, PP. 183-189). 

The magnitude of the above errors may be computed by the following 
empirical formulas from J. C. Stevens's Hydrographic Data Book" (no date, 
pp. 27-28). Stevens f s formulas, which give the errors in feet with in- 
struments using lead counterweights and steel float lines, are quoted 

below: 

F 
Maximum error due to float lag = 0.37 j& (7) (6) 

Error from submergence of 

counterpoise = 0.017 p- (1*0 (7) 

Error from line shift with 

counterpoise in air = 0-37 kj AH ....(ll) (8) 

Error from line shift with 

counterpoise submerged = 0-3^ z^ AH ....(15) (9) 

in which 

F = force (pull on float line) in ounces to move index 

D = diameter of float in inches 

u = weight of float line in ounces per foot 

q; = weight of counterpoise in ounces 

AH = change in stage in feet from previous setting. 

Float records may also be affected by changes in humidity which can 
cause an expansion or contraction of the recorder paper, or, in those 
instruments using hemp float line, which cause a change in the length of 
the line. If the index pen records on the gage paper in a humid environ- 
ment, where the paper is expanded, and measurements of the water stage are 
taken from the record in a normal environment, where the paper has resumed 
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its normal dimensions, an error will be. incorporated in the readings. 

The error can be compensated for only if. two base line pens (a fixed 

distance apart) record in opposite margins of the chart. In this case 

the actual distance between the margin lines can be compared with the 

known fixed distance and the corrections computed (Stevens, n.d., pp. 

32-38; Chrystal, 1908, pp. 36I-5TO). 

The role of the operator in the recording of relative sea level by 

the automatic gage has been summarized by J. C. Stevens (n.d., pp. 39-40) 

who said: 

The ,. Human Equation constitutes the greatest possible 
source of error. Incorrect gage reading, inaccurate setting 
of pens and pencils, failure to wind the clock, failure to 
start clock after being wound, failure to put stylus on the 
paper, wrongly attaching, float so that pen moves up when it 
should go down, failure to release set screws or to tighten 
them as the case may be, failure to note gage reading and 
time on record sheet; failure to see that inlet to well is 
open; failure to oil bearings occasionally, or the use of 
gummy oil, are among the few things that all too frequently 
result in erroneous, or incomplete records. 

The records of. relative heights of sea level are changed to actual 
sea level elevations by comparing elevations on the gage record with 
separate readings made simultaneously by the operator with a staff , hook 
or electric tape gage at periodic intervals. The "separate height deter- 
mination measures the distance between an index mark on the^ water-level 
recorder and the surface of the sea. Because the index mark could, and 
often does, change due to accident, replacement of the equipment,, etc., 
it is essential that the elevation of the index mark be tied by precise 
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spirit leveling to three or more permanent bench marks. It is obvious 
that for a study extending over a number of years , it is of utmost im- 
portance that regular connections be made between tide gage and bench 
marks in order to detect any change in the elevation of the index mark; 
probably one of the greatest errors in the determination of mean sea 
level over a long period of time is the failure to check the height of 
the tide gage index with its bench marks. 

Other errors which may occur in the determination of "absolute " 
sea level by means of a staff gage are those due to the "error of the 
interval" of the staff gage and the "personal error" of the observer. 

The "error of the interval" is, according to R. Gibbs (1929, p. 71), 
"... the same as the probable error of the last figure, namely one-quarter 
of the interval." H. A. Marmer (1951* P- 30) in speaking of U. S. Coast 
and Geodetic Survey procedure, states that: "The observer reads the 
staff to the nearest half tenth of a foot if the water is free from 
waves, or to the nearest tenth giving the highest and lowest readings." 
In this case the^ferrbr. should- b£ ±:c0. 012 :cf <£ot ^r^ixO-025 foot. 

The "personal error" of the observer results from the particular 
way in which an observer takes his observations; e.g., the observer may 
always assume a certain position, so that his eye is a little above the 
index mark; thus introducing a degree of parallax which would differ from 
that in the reading of another observer; or one observer may tend to 
mentally subdivide the interval between the graduations so as to favor 
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recording even tenths of a foot, whereas another observer may favor 
recording half tenths. Thus, if "... the maximum error of any function 
due to errors in the variables is the sum of the errors due to each 
separately" as stated "by R. Gibbs (1929, P- 77); then in the course of 
50-100 years the sum of the observers' "personal errors" and of the 
"errors of the interval" could be significant. 

Errors in the determination of mean sea level which originate in 
the tabulation of mean values from the continuous gage curve (excluding 
errors in calculation) may be classed under three headings: (a) samp- 
ling error, (b) errors of interval, and (c) errors of interpretation. 
These errors are probably of insignificant size for short term calcu- 
lations, but their effects taken over a period of fifty or more years 
ma,y be appreciable— apparently no studies as to their significance have 
been published. 

The gage record of an automatic tide gage is a continuous sample of 
the fluctuating surface of the sea; if the effects of the disturbing fac- 
tors were removed from the trace of the gage, the remaining curve would 
be a representative sample of mean sea level. If the effects of the dis- 
turbing elements and instrument errors are not removed from the gage rec- 
ord, a primary sampling error occurs. Furthermore, monthly and yearly 
averages are not compiled from the irregular gage trace, but are compiled 
from hourly tabulations taken from the curve. The discrepancy between 

the hourly values of sea level and the values obtained from the integrated 
area under the curve may be called the secondary sampling error. 
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As monthly means are computed from the hourly tabulation, yearly 
means from the monthly, and 19-year means from the yearly; the samples 
become less and less representative of the actual elevations of the sea 
(this assumes that the effects of the disturbing elements have been re- 
moved, and that the discrepancies are due solely to using averages based 
on hourly tabulations and other averages rather than being based on the 
continuous curve). The error arising from these procedures is a sample 
averaging error. 

The errors of interval in the tabulation of mean sea level occur in 
two places: (a) in determining the factor used to reduce the gage trace 
to a fixed datum, and (b) in making the hourly tabulation from the trace. 
The values for the height of the tide at the time of the staff gage read- 
ings are measured (to tenths and half tenths of a foot) from the prelim- 
inary datum line to the curve with a reading scale graduated to the same 
scale as is used on the tide gage. This height (the relative height) is 
subtracted from the staff gage reading (the absolute height); the dif- 
ferences are summed and divided by the number of readings to obtain the 
mean difference. The mean difference, together with a constant for fixed 
datum, is added to the preliminary datum setting to obtain the correct 
height of the base line of the gage curve. The hourly readings are then 
measured to tenths and half tenths from the base line to the curve. 

The gage trace (if the stilling well inlet is not small enough) is 
not a smooth curve, but, instead, is an irregular curve with small sharp 
fluctuations ("saw teeth") due to the action of waves and swells and 
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larger irregularities due to seiches (periodic oscillations of the water 
body) — the irregularity of the trace makes tabulation difficult. There- 
fore, "For use in the determination of tidal datum. planes it is prefer- 
able to consider a smooth curve through such irregularities and tabulate 
the hourly heights directly from this smooth curve" (Marnier, 1951 > P- ^l)« 

The error of interpretation is the algebraic sum of the differences 
between the actual tidal curve and the smooth curve. Another source of 
interpretative error takes place when an interpolation is made for breaks 
in the tidal record. As in the previous case, the error is the algebraic 
sun of the differences between the ; interpolated curve and the actual sea 
level . 

The influence of instrument and operator error is relatively small 
in modern records; nevertheless it is still too large if accurate uplift 
rates are to be computed. Rates of postglacial crust al movement in 
Fennoscandia illustrates the need for very accurate measurements. - The 
rate of uplift 87 miles from the former ice center is 2.68 feet, per cen- 
tury (Kaariainen, 1953* P- 59, Fig. Ik) or 0.03 foot/year (0.002 foot/ 
month), and only k-50 miles from the ice center uplift ceases; the average 
rate is 0-75 foot/100 miles/lOO years. The small magnitudes of these up- 
lift rates emphasizes the fact that the cumulative effects of the various 
factors which distort the true value of mean sea level must be considered 
and eliminated, or at least compensated for, if accurate rates of uplift 
are to be determined. 
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LAKE LEVEL GAGES 

Records of pairs of lake -level gages have been the "basis for crustal 
movement studies in the lake plateau of Finland and the Great Lakes re- 
gion of North America. The Finnish lake study of A. Siren in 1951 uti- 
lized the principle that the means of lake-level elevations, corrected 
for meteorological effects and the effect of slope due to discharge, 
would provide a level surface for the comparison, over a number of years, 
of two gages which were remote from each other. When the average values 
of the gage differences are plotted against time and the points connected 
by a straight line, the slope of the line gives the average land uplift. 

The calculation of rates of uplift in the Great Lakes area by various 
investigators have followed the method of G. K. Gilbert (1896-97) — using 
the procedures described on pages 7-8, which briefly, is that elevations 
of pairs of lake gage stations are measured from a level surface (the 
lake surface), and the differences between the elevations of the gages 
plotted for a period of time. If a line of best-fit through the points 
has a slope, land uplift exists. When this method is used, no corrections 
are made for the effects of disturbing agents on the lake surface nor are 
corrections applied to the gage readings; it is assumed that the lake 
surface is level during the summer months (Comstock, 1876, p. 5; 1882, p. 
595) (see Appendix i). The fact that each rate calculated by this method 
depends upon the records of two gages brings out the importance of detect- 
ing and removing those factors which distort the recording of true lake 
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level at each gage station. 

Lake level gages and the procedures used to convert their recording 
curves to mean lake level elevations differ only in minor detail from 
tide gages and tide gaging procedure; therefore/ the discussion of the 
factors -which influence tide gage records also applies to lake -level 
records. 

Tides 

Astronomical tides on those lakes large enough to exhibit detect- 
able tides are measured in inches, whereas ocean tides are measured in 
feet. In the Great Lakes, Defant (1958, Table k) shows Lake Erie as 
having a spring tide of 8.0 cm (0.26 ft), Lake Michigan of 7-3 cm (0.2^ 
ft), and Lake Superior of 5-9 cm (0.19 ft). 

The effects of tides of this magnitude should be very small, unless 
the lake -level gages are located in shallow water or in sites with con- 
verging shores; under these circumstances the tidal range would be in- 
creased. Rates of crustal movements in lake regions are computed from 
the differences in elevation of two gages; if dredging, construction of 
bi^eakwaters, etc., occurred at one or both of the gage sites, it is pos- 
sible that the change in the range of tide would appear in the gage 
height differences to be incorporated in the rate of uplift. 

Meteorological Effects 

The influence of wind and barometric pressure differences was dis- 
cussed in many of the early papers dealing with fluctuations of the Great 
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Lakes (e.g., Dwight, 1822, p. 96; Clinton, 1827, pp. 292, 293; Whiting, 
I831, p. 214; Hall, 18I4.3, P- *H0; Mather, 1848, p. l6l7; Whittlesey, 
1859; Lachlan, 1855, pp. 165, 168, 172). These investigators of the late 
l8th and early 19th century observed the increase in the depth of water 
which occurred on the eastern shores of the lakes with prevailing west- 
erly winds; were aware that barometric pressure differences piled up 
water in the area of lower pressure, and that this created seiches; and 
described the effects of shallow water and converging shores on wind 
slopes and seiches. Later studies of wind slope and barometric effect 
were concentrated on Lake Erie which produces greater wind slopes than 
any of the other lakes due to its shallowness, its long narrow shape with 
pointed ends, and its alignment with the prevailing winds (Blunt, 1897; 
Henry, 1902; Hayford, 1922; Hayford, 1923; Hellstrbm, 19IH, pp. 115-128; 
Keulegan, 1953; Hunt, 1958; Gillies, 1959). 

Wind slope in the Great Lakes, as in the ocean, varies directly 
with the square of the wind velocity and inversely with the depth of 
water (see p. 5l). In the formula (3) for setup 

nT S L 
s = pglT 

the undisturbed depth of water H is taken as the average depth of water 
along length L (e.g., in Lake Erie, H equals 58 feet); however, the es- 
tablishment of "thermoclines" in the Great Lakes during the summer months 
may require a modification of the usual definition of H. 
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During the summer months in the Great Lakes a thermal stratification 
of the water in which an upper layer of " ... more or less uniformly "warm, 
circulating and fairly turbulent water termed epilimmion , ..." is divided 
from "... a deep, cold and relatively undisturbed region termed the 
hypolimmion . . . " by the "thermocline . . . defined as the plane of maximum 
rate of decrease in temperature ..." (Hutchinson, 1958* PP* ^27-28). 
(Eckart, i960, pp. 69-71)- The depth of the thermocline is about 50-100 
feet in Lake Huron and in the deeper portions of Lake Michigan and 20- 
50 feet in the shallow southern basin of Lake Michigan. (Ayers, et al. , 
1956, pp. 9, kl 9 66; 1958, pp. 5> 31* 5^; 80). The thermocline in Lake 
Erie is similar to the thermocline in the southern basin of Lake Michigan, 
usually being from 25-^5 feet deep in the more shallow western two-thirds 
of the lake and 45-60 feet deep in the eastern third. At times during 
the summer the epilimmion extends to the bottom (up to 60 feet) in the 
central and western parts of Lake Erie, and maintains this depth across 
the deeper eastern third of the lake (Powers, et al., 1959; PP- 150-164). 
Presumably Lake Ontario has about the same depth to the thermocline 
(2.0-100 feet) as occurs in the deeper portions of Lake Michigan and Lake 
Huron (Hachey, 1952, pp. 326-328). 

The significance of the depth of the thermocline is that "... the 
boundary between the two layers acts as if it were a temporary bottom" 
(Hellstrom, 19^-1* P- 112). In other words, during the summer when the 
lakes are stratified, the depth of water H in formula (3) could be con- 
sidered as the average depth to the thermocline rather than the average 
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depth to the actual bottom. This concept is reinforced by observations 
made on the Scottish Lochs Ness and Gary (Murray, 1908, pp. kl6-kn; 
Wedderburn and Watson, 1908-09, pp. 629, 635; Wedderburn, 1909-10, pp. 
312, 317, 319); Lake George, New York. (Langmuir, 1938, PP- 121-123); and 
the Sakrower and Walchensee, Germany, (Hutchison, 1957, PP- 287-288). 

If the thermocline acts as a quasi -bottom, and since the depth to 
the thermocline is approximately the same in all of the Great Lakes, the 
amount of deflection between wind direction and surface current for Lake 
Erie during the summer months should be representative of the amount of 
deflection for the other lakes. 

H. L. Langhaar (1951, pp. 279-280) has suggested that the total wind 
slope in lakes is made up of two component parts, a "statical tide" and 
a "dynamical tide." He declares that: 

The tide at the leeward end of the lake is the superpo- 
sition of the tide due to the seiches and the statical tide 
that the wind would maintain if it persisted indefinitely. 
The tide due to the seiches will be called the "dynamical 
tide." The total height h of the tide at the leeward end of 
the lake is h = h g + h^, ... the term h^ [dynamical tide] 
varies periodically with time. 

The maximum value of the ratio h^/h s depends upon the 
planform of the lake, and upon the rate at which the wind 
develops . 

Differences in elevation (corrected for barometric pressure effect) 
which are recorded by two gages over a number of years consist of a com- 
ponent resulting from the differences in the average height of water- 
level fluctuations produced by seiches at one gage being subtracted from 
the average height of water-level fluctuations produced by seiches at the 
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other gage (the "dynamical 1 " portion), and a larger component made up of 
the net differences in water -level caused "by the force of the wind (the 
"statical" portion). The magnitude of both components would be influ- 
enced by changes in the gage site environment occurring over a number of 
years (see pp. 58-59/ 73-75 ) • > - ! - 

The' barometric pressure effect on the Great Lakes is of less impor- 
tance than it is on the oceans owing to the smaller pressure gradients 
which exist over the lakes. Over the summer month period the differences 
in barometric pressure, and thus the barometric effect, between two gage 
sites on the Great Lakes has an order of magnitude of 10"" 2 or 10~ 3 , 
whereas the order of magnitude of the net wind slope during the summer 
months is 10" 1 (see Table 6, Appendix II, p. 179), e.g., if the effects 
of convergence and resonance are not taken into account, the barometric 
effect between Toledo and Buffalo on Lake Erie ranged between 0.002 foot 
and 0.017 foot for the summer months, 1950-59. 

Effect of Lake -Level Gage Locations 

Lake -level gages, like their counterparts in the oceans, are usually 
located near population centers. This means that almost all gages are in 
harbors or bays, within river mouths, or within a river mouth located in 
a harbor or bay; e.g., in Lake Ontario the gages at Kingston and Cape 
Vincent are situated on the north and south channels of the St. Lawrence 
River; in Lake Erie, Buffalo is at the very narrow eastern end of Lake 
Erie and at the entrance of the Niagara River and Toledo lies at the 
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apex of the converging shores of Maumee Bay and at the mouth of the 
Maumee River; in Lake Michigan-Huron, Collingwood, Ontario is in 
Nottawasaga Bay, Thessalon, Ontario, is at the western end of North 
Channel and Mackinaw City is on the Straits of Mackinac; in Lake Supe- 
rior the key gage at Point Iroquois is at the mouth of the St. Marys 
River at the southeast end of Whitefish Bay; Port Arthur is within 
Thunder Bay at the outlet of several rivers and Duluth is within Supe- 
rior Bay at the outlet of the St. Louis River. 

The discussion on pages 58-59 of the effects of converging shores, 
shallow water, and resonance on the piling up of water by wind slope and 
barometric effect also applies to lakes. Man-made and natural modifica- 
tion of the shores and underwater topography during the last 100 years 
have probably been as extensive in the Great Lakes regions as in ocean 
ports, which would result in a progressive change in lake level eleva- 
tions being incorporated in the gage records . 

Recent advances in telemetering equipment used in oceanography and 
space satellites suggests that certain key water-level gages on each of 
the Great Lakes could be located well off-shore in deep water; from 
these sites wind velocities, barometric pressures, temperatures and 
water-surface elevations could be automatically determined, transmitted 
and recorded. The location of water-level gages away from shallow water, 
bays, harbors, etc., would decrease the effects of convergence and reso- 
nance; thus the errors caused by meteorological effects, tides, river dis- 
charges and man-made changes would be greatly reduced. The recording of 
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temperature, wind: and "barometric pressure data at each of the key gage 
sites would provide the necessary information for the correction of the 
remaining meteorological effects . 

Instrument and Operator Errors 

Errors in the recording, correlating and reduction of lake -level 
gage records are of the same nature and order as those found in tide 
gage records; therefore the discussion of instrument and operator errors 
on pages 60-67 will also apply to lake -level gaging. Again it must he 
emphasized that rates of land uplift are computed from records which 
include those taken ^5 or more years ago when neither the instruments 
nor the procedures were as refined as those of today, and errors which 
are very small in modern records are of much greater proportions in the 
older records . 

The "error of the interval" of lake -level records will "be smaller 
than that found in tide gage records because both staff gage readings 
and tabulated values are given in hundredths of a foot rather than tenths 
or half -tenths of a foot. The errors of interpretation caused by the 
replacement of the actual recorded trace by a smooth curve is much re- 
duced or absent in lake -level records owing to a virtual lack of "saw- 
tooth" fluctuations in the trace, apparently the result of better damp- 
ing of short period waves. 

In an effort to obtain some concept of the magnitude of the secondary 
sampling error caused by obtaining a mean lake level from hourly tabu- 
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lations of the gage record rather than from the continuous curve itself, 
a comparison was made "between a monthly mean lake level as published by 
the U. S. Lake Survey and a monthly mean level computed from the. contin- 
uous curve of the same gage record. 

The lake-level gage record from Toledo, Ohio, for September, 1959^ 
was used for the comparison. The area under the continuous curve, which 
was measured with a planimeter, was divided by the length of the base 
line in order to obtain the mean altitude of the lake surface curve a- 
bove the bottom line of the gage record. The mean altitude of the curve 
was converted to feet (l.6l8 feet) and added to the mean elevation of 
the bottom line of the gage record of 570-512 feet (obtained from staff 
gage readings). This resulted in a mean elevation of 570.131 feet for 
the lake level— the mean elevation for September, 1959^ published by the 
U. S. Lake Survey was 570.13 feet. 

Despite the fact that only one comparison of one gage was made for 
one month of one year, the close agreement of the two means suggests that 
the secondary sampling error for monthly means is small. 

MEASUREMENT AND ERRORS 

A review of the literature concerning the results of water-level 
gaging and the determination of rates of land uplift reveals that often 
the distinction between precise measurements and accurate measurements 
is not made, that statistical results are offered as proof of a state- 
ment without other supporting evidence, and that the Method of Least 
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Squares- has "been used without the prior removal of constant ! and system- 
atic errofsv These points suggest the need 'of a brief discussion of 
measurement and the influence of errors. 

Measurement has been defined by N. R. Campbell (1957* PP« 267, 
524) as, "... the process of assigning numbers to represent 'qualities/' 
and "the primary object of measurement is to find a way of assigning to 
each of an ordered series of magnitudes a numeral, so that to each mag- 
nitude is assigned one arid only one number and so that the o!rder of the 
numerals is the -order of the magnitudes...." 

Numbers are assigned "by comparing systems with the standard 
series." Each "system" has a hypothetical true magnitude which is re- 
lated to the true magnitudes of other "systems" by a numerical law 
(equation of condition) which is capable of being represented by an 
analytic function. 

If measurements are carried out with the most accurate instruments 
available, where "... by the most accurate 'instrument' is meant, not 
merely a piece of apparatus which would ordinarily be called an instru- 
ment, but any arrangement whatever which permits measurement" (Campbell, 
1957, p. 517), and with no discernable error of method, the observed 
magnitude may fail to approach the true magnitude by a maximum error E 
which is characteristic of the instrument of measurement and is dependent 
upon the smallest "step" of the instrument. 

When measurements are carried out with the above qualifications it 
will be found that a series of measurements will fail to agree within 
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fixed limits. The range of the inconsistency is determined by the error 

of consistency which N. R. Campbell (1957, P- ^75) defines as: 

Nothing but errors of method magnified until they can be 
directly detected by experiment. The magnification is ef- 
fected through the equation of condition, and results either 
from the addition of several partial errors of method, each 
of which could not be detected separately, or from the trans- 
ference of the error from a magnitude less accurately measur- 
able to one which is more accurately measurable. 

Campbell (1957, P- 509) states further that: 

The fundamental fact in the whole theory of errors of in- 
consistency {consistency] is that the true value of a complete 
collection of inconsistent measurements on a single magnitude 
is the arithmetic mean. If the collection (still consisting 
of measurements on a single magnitude) is incomplete, then 
we cannot determine the true value, that is really all that 
there is to be said about it. It may be convenient for some 
strictly limited purpose to express the results by a single 
numeral, and, if that is so, we shall probably select again 
the arithmetic mean as that numeral; but it cannot be too 
strongly insisted that the selection of that numeral does not 
imply a belief that it is the true value. 

Measurements are usually divided into two general classes; (a) di- 
rect measurements which are made by observing the comparison of a stand- 
ard with the system being measured, and (b) indirect measurements which 
are obtained by computation from direct measurements . It is apparent 
that the errors which affect indirect measurements are functions of the 
component direct measurements. 

Errors are usually classified as: (a) gross errors ("blunders," 
"mistakes"), (b) constant errors which have the same effect (maintain 
the same sign and magnitude) on all the observations of a particular 
series of observations, (c) systematic errors whose algebraic sign and 
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magnitude are determined by a fixed relation to some condition (being 
"based on a law, they may be detected if the law and its coefficients are 
known)-, and (d) accidental ("erratic," "residual," "experimental") errors 
which are the errors that remain after the gross, constant and systematic 
errors have been removed from the observation. Accidental errors are 
independent errors which are small in magnitude, are as likely to be 
positive as negative, and are much more likely to be small than large. 
Accidental errors are the only errors amenable to adjustment ! by the 
Method of Least Squares (Holman, 1904, pp. 4-10; Wright and Hayford, 
1906, pp. 7-8, i+5, 83, 273-278; Goodwin, 1920, pp. 7-12; Blunt, 1931, 
pp. 1-5; Beers, 1953, PP- 3-7; Anderson, 1955, P- 7; Rainsford, 1957, 
pp. 1-5). 

The customary classification of errors in the preceding paragraphs 
would be encompassed by "errors of method" [if errors of method are con- 
sidered to include the magnified errors of method (errors of consistency) 
in N. R. Campbell's (1957, pp. 267-29^, ^37-521) theory of measurement 
and error]. If errors of method exist in the observed magnitude the 
numerical law which relates that magnitude to other magnitudes cannot 
be determined; as long as these errors exist, the true magnitude, as 
represented by the arithmetic mean, cannot be found. When the errors 
of method are removed to the point that only errors of consistency re- 
main, the arithmetic mean may be used as the true value and possible laws 
may be formulated which relate the magnitude to other systems. 



80 

The concepts of accurate measurement and precise measurement are 
also clarified by Campbell T s theory. An accurate measurement is one in 
which both the errors of method and errors of consistency are insignifi- 
cant; thus the observed value will approach the true value and may be 
related by numerical law to other magnitudes. Precise measurement, on 
the other hand, is measurement in which the errors of consistency are 
low but errors of method remain. In this situation several different 
series of determinations would yield similar magnitudes, but the equa- 
tion of condition would be false and the magnitudes would not have the 
proper relation to other magnitudes . Because the goal of measurement 
is the determination of numerical laws, the taking of precise measure- 
ments (in that it reduces the error of consistency) is only a step in 
the determination of accurate values and is not an end in itself. 

The Method of Least Squares which is: 

A mathematical method for determining: (a) the most prob- 
able value of a single quantity from a number of measurements of 
that quantity; (b) the probable error of the mean value of a 
number of observations; (c) the best curve which may be drawn 
for a series of observed values of the ordinate over a range of 
values of the abcessa (AGI, 1957, P- l8U). 

. . . rests upon the mathematical demonstration that where each 
of a very large number of observations of any quantity is of 
the same quality as the others, the most probable value of 
the quantity is the one for which the sum of the squares of 
the residual errors (or corrections ) is a minimum. .. (Mitchell, 
191*8, p. kh). 

The method has been a useful statistical tool for many years, and 

when used correctly provides the most probable values for observations. 

However, the fundamental requirement that first constant and systematic 
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errors "be removed from the observations is, at times , not followed; thus 

erroneous conclusions are reached. 

The importance of this requirement is emphasized by the following 

quotations : 

T. W. Wright and J. F. Hayford (1906, p. 278) declared that: 

The detection of systematic or constant errors necessarily 
involves least squares as a basis, but this must be supple- 
mented by something else, as the method of least squares 
deals "with accidental errors only. 

D. Brunt (1931* P-v. ) states that: 

It cannot be too strongly insisted upon that the methods of 
Least Squares cannot in any way improve upon the actual ob- 
servations. The application of these methods to a large num- 
ber of carelessly conducted experiments cannot in general be 
expected to yield results as reliable as could be obtained 
from two or three carefully conducted experiments.... 

W. E. Deming (19*1-3, P- 2) states: 

The principle of Least Squares provides a method for getting 
an adjusted value. It can be applied whether or not the data 
are worth adjusting, but the results are useful only when the 
data are good in the first place; no purely mathematical pro- 
cedure can make a good figure out of any number of bad ones. 
Data not in statistical control — i.e., not random, are not 
usefully adjusted. It is important to know when data are 
worth adjusting. 

and he continues (pp. 11-12) by declsiring: 

The method of least squares can be applied to a single set of 
data, but no matter how carefully the least squares adjustment 
is carried out, the curve so fitted, or the observations so 
adjusted, do not have scientific validity unless there is 
other evidence at hand to show under what conditions the same 
or similar results will be obtained, and how these conditions 
are to be brought about and controlled. 
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The preceding discussion of errors and measurement has been made 
for three principal reasons: 

(a) To point out that measurement is fundamentally the determination 
of numerical laws which relate true magnitudes to each other, and that it 
is necessary to approach the true magnitude as closely as possible (make 
accurate measurements) if these laws are to be discovered. For example, 
when we determine rates of postglacial uplift by means of water-level 
gages, we are trying to find the numerical law which relates the gage 
readings or difference in gage readings to the magnitude of the uplift; 

if the true relationship between the two quantities is to be found, it 
is necessary to recognize and remove the errors which exist in the meas- 
urements. The rates of uplift are valid only to the degree that the 
errors are removed or compensated for. 

(b) To indicate the types of error which affect measurements and 
to bring out the fact that observations can be adjusted only after con- 
stant and systematic errors have been removed so that only accidental 
errors remain. 

(c) To emphasize the fact that the application of statistical 
tools, such as the method of least squares, cannot be used to produce 
valid results unless the assumptions upon which the determination is 
based are true. 

PRECISE LEVELING 

Precise leveling (also called "leveling of high precision," 
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"precision leveling" and "first-order leveling") is the determination of 
elevations of sequential points on the earth's surface ("bench marks) with 
respect to each other and to a datum plane by means of a refined leveling 
instrument with a very sensitive spirit level to indicate the horizon. 
Careful methods of taking and processing the observed elevations, to- 
gether with a number of corrections (i.e., index, level, rod length, rod 
temperature, orthometric, curvature, and refraction corrections) reduce 
the magnitude of errors to certain prescribed limits and permit the 
establishment of accurate elevations. 

Three international meetings held in 1867, 1912 and 193& set the 
limits of error which would be allowed for each class of leveling. The 
1867 meeting defined precise leveling as leveling with an average prob- 
able error not in excess of 3 millimeters per kilometer and a maximum 
probable error of not more than 5 millimeters per kilometer. 

The meeting in 1912 prescribed the following classification (Rappleye, 

19^8b, p. 150): 

Therefore the Seventh General Conference of the Inter- 
national Geodetic Association, still preserving unchanged the 
limits of error of 1867 for precise leveling, decides to place 
hereafter in a new class of leveling, to be termed "leveling 
of high precision," every line, set of lines, or net which is 
run twice in opposite directions on different dates as far as 
possible, and whose errors, accidental and systematic, com- 
puted by the formulas hereinafter given, do not exceed — 

± 1mm per km for the probable accidental error, 
or 

± 1.5 mm per km for the mean accidental error; 
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± 0.2 mm per km for the probable systematic error , 
or 

± 0-3 im per km for the mean systematic error. 

The Sixth General Assembly of the International Association of 
Geodesy issued new information as to the design of instruments and rods, 
methods of operation, computation and adjustments which were to be used 
for leveling of high precision. The Association also redefined leveling 
of high precision as a method of leveling with a total probable error 
not exceeding 2 millimeters per kilometer — leveling with a total prob- 
able error exceeding 2 millimeters but not exceeding 6 millimeters per 
kilometer was classified as "precise leveling" (Rappleye, 19^8b, p. 15*0 • 

First-order leveling of the U. S. Coast and Geodetic Survey and the 
U. S. Lake Survey includes leveling in which the level lines are divided 
into 1 to 2 kilometer sections and the results of a forward and backward 
leveling over a section does not differ by more than k.Q millimeters 
times the square root of the length of the section in kilometers (^.0 mm 
%/k), or its equivalent: 0.017 times the square root of the length of the 
section in miles (Mitchell, 19^8, PP- ^5-^6). 

H. S. Rappleye (l9W3a, pp. 1-2) states: 

First -order leveling by the United States Coast and 
Geodetic Survey began with the transcontinental line of levels 
in 1878. Previous to that time the Bureau had done some lev- 
eling, but it was used mostly to control trigonometric leveling 
and, while it served its purpose, it was not of a high grade of 
accuracy compared with the standards „ of today.... 

and 

The first -order leveling done by the United States Coast 
and Geodetic Survey since 1899 falls within the limits prescribed 
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for "leveling of high precision" at the Hamburg meeting [1912]. 
In the 1912 adjustment of the first-order level net the aver- 
age probable accidental error per kilometer was plus or minus 
0.71 millimeter and the average probable systematic error was 
plus or minus 0.08 millimeter. 



Finnish Uplift Rates By Precise Leveling 

Finland presents an almost ideal situation for the determination of 
extensive non-volcanic land uplift by precise leveling. Finland's "bor- 
ders are from c 67 miles (108 km) to c 355 miles (57^ km) to the south- 
east of the former Fennoscandian ice center; thus Finland is very close 
to the region of maximum uplift. 

The underlying igneous and metamorphic "bedrock crops out in many 
areas which allows the placement of numerous "bench marks in the stable 
"bedrock; thereby reducing the errors due to shifting "bench marks. Prob- 
ably the most important factor, other than proper instruments and tech- 
niques, in the determination of accurate absolute rates of uplift is 
the fact that the level net is tied into either Ik primary tide gages 
(first precise leveling) or 12 tide gages (second precise leveling). 

The average distance "between the lk tide gages, measured along the 
leveling lines, was c 78 miles (126 km); the shortest distance was c 36 
miles (58 km); and the longest distan.ce was c 138 miles (222 km). The 
distances "between the 12 tide gages of the second precise leveling were: 
(a) average distance c 8l miles (130 km), (b) shortest distance c 55 
miles (88 km), and (c) the longest distance c 138 miles (2^5 km). The 
point on the level line polygon which is farthest from a tide gage is c 
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197 miles (317 km) from the gage, and the point on a level line common to 
"both precise levelings which is farthest from a tide gage is c 182 miles 
(293 km) from that gage. 

The information in the following paragraphs regarding the Finnish 
precise levelings of 1892-1910 and 1935-1955 is from E. Kaariainen's 
"On the Recent Uplift of the Earth T s Crust in Finland" (1953, PP- 31-64). 

The leveling net of the First Precise Leveling consisted of 11 closed 
polygons with a total length of leveling lines in the principal net of 
2464 miles (3967 km). The smallest polygon was 71«4 miles (115 km) in 
length and the others ranged from 142.2 miles (229 km) to 502 miles 
(808 km) in length. Approximately 3,000 "bench marks were placed in bed- 
rock, "immovable" "boulders and stone foundations at spacings of 0-93- 
1.24 miles (1-5-2 km). 

"From the closing errors of the polygons, the greatest of which was 
66.30 mm it was computed that the mean error of the levelings was ±1.23 
mm/km" (1953, P- 3 i 0- 

The Second Precise Leveling consists of a network of 13 closed 
polygons with circumferences ranging from 146 miles (235 km) to 543 
miles (874 km). After World War II, 2843 miles (4577 km) of leveling 
lines and 12 tide gage stations remained within Finnish territory. 

"... The greatest closing error, without taking into account the 
refraction and the land uplift correction is 22.10 mm. The mean error 
of the Second Leveling, as computed from closing errors, is ± 0.45 mm/km" 
(1953, P. 36). 
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The leveling lines common to both the First and Second Leveling 
totaled 2309 miles (3717 km)- Although about 70 per cent of the old 
bench marks were found (c k-6 per cent of which were on rock), the land 
uplift calculations were based almost entirely upon 900 highly dependable 
rock bench marks; in a few cases bench marks on boulders were used. 

After the necessary computation, corrections and adjustments were 
made to the leveling lines and nets, the mean errors of the yearly land 
uplift values were calculated for 28 tie-points, and a value of "... ± 
0-3 mm as the average mean error of the yearly land uplift obtained by 
precise leveling" (1953, P« 59) was computed. The rates of uplift of 
the 12 tide gage stations are listed on page 93 of this paper. 

Great Lakes Region — Precise Leveling 

Elevations on the Great Lakes have been determined since the first 
complete leveling in 1875 by a combination of spirit-level measurements 
and water-level measurements. U. S. Lake Survey leveling lines have 
originated at a bench mark in Rensselaer, New York, called Greenbush 
Gristmill (see Appendix i). The elevation of Greenbush Gristmill above 
sea level was determined by the U. S. Coast and Geodetic Survey in 1856- 
57, 1877, 189^ 1902, 193I1., and 1955- Instrumental level lines are run 
between Greenbush and Oswego, New York (the first point of elevation on 
the Great Lakes proper, and between each of the other Great Lakes. Water- 
level determinations are used to carry the elevations from the eastern to 
the western ends of the lakes (Comstock, 1882, pp. 595-609). 



88 

Die geographic factors inherent in the location of the leveling 
lines used to determine rates of land uplift in the Great Lakes Region 
are in distinct contrast to the favorable situation which exists in 
Finland. 

Elevations in the Great Lakes Region are "based on leveling lines 
run forward and "backward from the tide gage at New York City to the Green- 
bush Gristmill "bench mark, a distance of c 1^7 miles (237 km); the level 
lines are then continued "by another organization to Oswego, New York, on 
Lake" Ontario, a distance of 173-195 miles (278-314 km) depending upon 
the route taken. 

From Oswego, the elevations are carried by alternating water -leveling 
and spirit leveling a distance of c 1212 miles (1950 km) to Duluth, 
Minnesota. If the rates of uplift are to be calculated for the Lake 
Superior area, elevations for Port Arthur, Ontario, are used. Port 
Arthur (which is c 185 miles [298 km] from Duluth) elevations were deter- 
mined by yet another organization, the Canadian Hydrographic Service, 
from a comparison with lake -level gage records at Marquette, Michigan, 
from 1907-191 ] 4-. 

The total length of the leveling lines, both water-level and spirit 
level, from the tide gage at New York City to the farthest point in the 
level net (Port Arthur) is approximately 1720 miles (2768 km). This 
situation is to be compared with the Finnish leveling lines suitable 
for determining rates of uplift which total 2309 miles (37l6 km) and are 
tied into 12 tide gages . The point which is farthest from a tide gage in 
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the Finnish level net common to the First and Second Levelings is c 182 
miles (292 km) from the tide gage. 

The tide gage records used in the Finnish level nets are corrected 
for the eustatic rise of sea level, meteorological effects, and instru- 
ment and operator error, as well as for astronomical tides. The tide 
gage record at New York City on the other hand, is of a sufficiently 
long period to eliminate the majority of the astronomical tides and 
meteorological effects, but the other influences remain uncorrected. 
Elevations from lake-level gages records are uncorrected observed ele- 
vations of the lake surface. 

A final comparison between the two areas may be made on the basis 
of the distances of the areas of uplift from their respective Pleistocene 
ice centers. The Finnish tide gage at Leppaluoto, which is c 83 miles 
(.134 km) from the ice center, undergoes an uplift of 2.69 feet/100 years 
(8.80 ± O.33 mm/year), and the tide gage at Hamina, 3^6 miles (557 km) 
from the ice center, is uplifted at a rate of 0.82 foot/100 years (2. 70 
± 0.2^ mm/year). The distances of these gages from the ice center are 
to be compared with the distances from the Laurentian ice center to points 
in the Great Lakes region. For example, the distance from the Canadian 
ice center to Oswego, New York is c 800 miles (1288 km); from the ice 
center to Duluth, Minnesota, is c 870 miles (l400 km); and from the ice 
center to Milwaukee, Wisconsin, on Lake Michigan the distance is c 1110 
miles (1790 km). 

A concise summary of the caution needed in using precise leveling to 
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detect rates of crustal movement is stated "by F- Nemeth (i960, p. 53 )> 

who declared: 

Geodesists have long drawn attention to the fact that 
leveling data should "be used as evidence of crustal movement 
only with caution. The differences in altitude of leveling 
sections are mostly reliable only to the order of a milli- 
meter "because of measurement error; however, movements of 
ground and structure can multiply the measurement error. A 
difference in compared altitude values can also stem from 
adjustment of different leveling networks. For investigation 
of changes of level, only one and the same network specially 
stabilized for this purpose and always measured by the same 
methods is suitable. 



FENNOSCANDIAN— GREAT LAKES ANALOGY 

Numerous comparisons have been made of the postglacial land uplift 
of Fennoscandia and the Great Lakes Region (e.g., De Geer, 1892; Guten- 
berg, 1933, 19^1 > 195^; Flint, 1957) which stressed the over-all simi- 
larity of uplift in the two areas but did not compare in detail the re- 
lationships between maximum depressions, distances from their respective 
ice centers, and the rates of modern uplift. 

If the two regions are analogous, it would seem that an examination 
of the rate and extent of modern land uplift in Fennoscandia would aid 
in locating, at least approximately, the zero isobase of modern land 
uplift in the region which had been covered by the Laurentide ice sheet. 
Although the Fennoscandian ice sheet was smaller than the Laurentide 
sheet, both areas had approximately the same thickness of ice, 10,000+ 
feet (2,500+ meters), and consequently about the same depth of depression 
of the crust. Therefore the distance from the ice center to the zero 



91 

isobase in the Great Lakes -Hudson Bay area should he roughly equal to 
the distance from the Fennoscandian ice center to the zero isobase at 
Leningrad, U.S-S.R. 

The Fennoscandian uplift values in Table 2 -A are from Kaariainen 
(1953, P- 59* Fig. k); distances were measured from the location of the 
axis of maxim-urn ice thickness in eastern Sweden (Flint, 1957, P- 3^8, 
Plate 5) to each of the twelve tide gages. The distances from the 
Laurentide ice divide to points in the Great Lakes -Hudson Bay region 
(Table 2-B) were determined from the Glacial Map of Canada (Geological 
Association of Canada, 1958)- 

A plot of the uplift of the Finnish tide gage stations, determined 
by precise leveling (in feet per 100 years), against their distances 
(in miles) from the Fennoscandian axis of maximum ice thickness reveals 
that the distribution of points lies almost in a straight line — the slope 
of the line fitted by the method of least squares gives a modern rate of 
uplift of 3.36 feet/450 miles/100 years or 0-75 foot/lOO miles/100 years. 
This rate of 0-75 foot/lOO miles/100 years might then be assumed to be 
of the proper order of magnitude for the modern Laurentide land uplift. 

If the analogy with Fennoscandia holds, the zero isobase of the land 
uplift would follow along a line extending down from the western fifth of 
Hudson Bay to the southwestern shore of James Bay (just southwest of 
Moosoonee, Ontario) then to the vicinity of Kempt Lake, Quebec, crossing 
the St. Lawrence River about 20 miles northeast of Quebec, Quebec. The 
relationship of Churchill, Manitoba, to the zero isobase, i.e., Churchill 
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TABLE 2-A 



FEMOSCANDIAN UPLIFT RATES AND DISTANCES 



Finnish 
Tide Gages 



Distance from Axis of 
Maximum Ice Thickness 



Kilometers Miles 



Yearly Uplift in 

mm and Mean Error 

By Precise Leveling 



Uplift in 
Feet/100 
Years 



1. 


Leppaluoto 


2. 


Vaskiluoto 


3. 


Horankallio 


k. 


Kasklnen 


5, 


Kemi 


6'. 


Toppila 


7- 


Mantyluoto 


8. 


Rauma 


9. 


Ruissalo 


10. 


Hanko 


11. 


Helsinki 


12. 


Hamlna 



13k 


83 


lUl 


87 


lk6 


91 


18J+ 


llU 


190 


118 


196 


122 


258 


160 


296 


184 


383 


238 


k6o 


286 


503 


312 


557 


3^6 



8 s 8o + 

8<77 + 
9.02 + 
7.66 + 
8.52 + 
8.25 + 
6,96 + 
6.82 + 
5.30 + 
3.58 + 
2.90 + 
2.70 + 



0.33 
0.30 

O.ij-3 
0.32 

0.53 
0A3 
0.25 
0.28 
O.28 

0.35 
O.25 
0.24 



2.69 
2.68 

2.75 
2.3U 
2.60 
2.52 

2,12 
2.08 
1.62 
1.09 

0.88 
O.82 



Leningrad, . USSR 



717 



kk6 



0.00 



0.00 



TABLE 2-B 



DISTANCES FROM THE LAURENTIDE ICE DIVIDE 



Approximate Distance 
from Ice Divide 



Kilometers 



Miles 



1. Father Point, Quebec 

2. James Bay (Moosoonee [_CollisJ)> Ont. 

3. Kempt Lake Quebec 
h. Ottawa, Ontario 

5. Churchill, Manitoba 

6. Lake Ontario (Kingston, Ontario) 

7. Lake Huron (Manitoulin Island, Ontario) 

8. Lake Michigan- Huron (Mackinaw City, Mich.) 

9. Lake Superior (Duluth, Minnesota) 

10. Lake Erie (Buffalo, New York) 

11. Lake Michigan (Milwaukee, Wisconsin) 



645 


4oo 


750 


k90 


805 


500 


1040 


645 


1060 


660 


1210 


750 


1255 


780 


1380 


855 


i4oo 


870 


1^30 


885 


1790 


1110 
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is c 100 miles farther away from the ice center than the presumed zero 
isobase, may support those investigators who deny the existence of land 
uplift at Churchill (Tyrrell, 1896; Johnson, 1939; Cooke, 19^2; Williams, 
19^-9) as opposed to those who claim that up to c 2 meters (6.6 ft) of 
uplift per century is taking place at Churchill (Bell, 1897; Gutenberg, 
19^1, 19^2, 195*0- 

It is possible that the ice which covered Churchill came from the 
ice divide to the west of Hudson Bay; if this were the case, Churchill, 
being about 285 miles from the western ice divide, would have a modern 
land uplift of about one foot per century (again applying the modern 
Fennoscandian rate of uplift). 

The tide gage at Father Point, Quebec (being about 400 miles from 
the Laurentide ice divide), is located within the proposed area of up- 
lift and could be undergoing an uplift of c 0.37 ft/100 years (based on 
the modern Fennoscandia rate). The importance of uplift at Father Point, 
Quebec, lies in the fact that it is one of the tidal bench marks upon 
which the Canadian precise level net is based; furthermore it is the 
starting point for the determination of the new International Datum for 
the Great Lakes . 

The advisability of using the tide gage at Father Point may be 
questioned for three reasons: 

(a) The gage is located within the area of postglacial uplift. 
If uplift is now occurring, and if corrections are not made for the up- 
lift, precise levelings isaken a number of decades apart would show an 
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apparent subsidence of the land; 

(*b) the gage is situated near the small end of a "funnel" formed 
by the Gulf of St. Lawrence^ the estuary of the St, Lawrence River and 
the St. Lawrence River. The convergence of the shorelines greatly in- 
creases the influence of meteorological effects (see pp. 58-59, 73-75); 
which in turn makes difficult the determination of an accurate mean sea 
level; and 

(c) the Father Point tide gage is on the eastern side of an ancient 
fault zone (Logan's Line), whereas the greater part of the Canadian level 
net and the whole of the Great Lakes region lies to the west of the fault 
zone. Although the fault zone is an ancient one, it would he prudent not 
to have the key tide gage of a leveling net and the greater part of the 
net on opposite sides of a fault zone. 

The modern zero isobase of postglacial land uplift cannot be in 
the known area of horizontality (i.e., south west of the Nipissing zero 
isobase). Moreover if the modern zero isobase were in the vicinity of 
the southwestern shore of James Bay; then, as is indicated in Table 2-B 
and Plate I, the postglacial uplift would take place northeast of a line 
which passes near the southwestern shore of James Bay and which curves 
eastward so as to cross the St. Lawrence River just north of Quebec, 
Quebec. Under these circumstances, the maximum possible southern extent 
of postglacial crustal movement would include almost all of Lake Supe- 
rior, less than the northern one -fourth of Lake Michigan, less than the 
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northern two -thirds of Lake Huron and less than the northern three -fourths 
of Lake Ontario. The minimum extent of the southern "boundary of uplift 
on the other hand would be somewhere near James Bay — which would mean that 
modern land uplift in the Great Lakes region would "be nonexistent. The 
actual southern limit of uplift should lie somewhere between these two 
extremes— probably closer to the Great Lakes than to James Bay. 



IV. PEEVIOUS DETERMINATIONS OF RATES OF UPLIFT 

Rates of uplift in the Great Lakes region have been computed by var- 
ious investigators who used Gilbert's method of calculation based on the 
principle of "water leveling" (see pp. 7-11, k-0, 68-69)- Examples of the 
magnitude of uplift in the Great Lakes are given in Table 3, which also 
indicates the direction of uplift between the gages of each pair of gages. 
The land is uplifted in a direction extending from the geographic loca- 
tion of the first gage of the pair toward the second gage. 

The directions of uplift in Table k were found by projecting the 
isobases of former glacial lake shoreline features through the locations 
of the gages; the gage of a particular pair which was on the higher iso- 
base was considered to be the gage which was "upslope." Thus the direc- 
tions of land uplift in Table h are based on uplift which warped former 
shorelines, whereas the directions in Table 3 represent modern uplift 
calculated from lake-level gage records. 

If the directions of uplift between the pairs of gages in Table 3 
are compared with the directions of uplift between the same pairs of 
gages in Table k, it will be found that the direction of uplift will be 
reversed for certain pairs of gages, e.g., Marquette -Duluth, Conneaut- 
Cleveland, Oswego -Charlotte, etc. In cases of discrepancy the directions, 
and therefore the rates, in Table 3 must be incorrect. 
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TABLE 3 



EXAMPLES OF PREVIOUS DETERMINATIONS OF RATES 
OF UPLIFT IN FEET/lOO MILES/lOO YEARS 



After 


Lake 
Superior 


Lake 
Mich . -Huron 


Lake 
Erie 


Lake 
Ontario 




Max Min 


Max 


Min 


Max 


Min 


Max 


Min 


Gilbert (1896- 
97, P. 636) 


— 


0.U3 a 


0.39 b 


0.k6 c 


— 


0.37 d 


— 


Moore (1922, 
pp. 15k, 181) 


0.27 e 0.26 f 


0.27 a 


0.2ij- S 


1.04 h 


0.38 1 


0.7^ J 


0.32 k 


Gutenberg 
(1933, p. ^57) 


0.8^ X 0.12 m 


l.08 n 


0.01° 


0.83 h 


0.36 1 


6.63 p 


0.28* 1 


Gutenberg 
(19^1, P. 7^2) 


0.61 1 0.03 m 


O.U8 r 


0.09 S 


0.55* 


0.0 


l.3^ p 


0.06 v 


Moore (19^8, 
p. 700-701) 


1 
O.kk™ 0.07 x 1 


0.35 r 


0.07° ; 


0.3^ y 


0.09 u 


0.57 z 


0.l3 aa 



Land is uplifted in the direction of the second gage site, 



a. Milwaukee -Port Austin 

b. ' Milwaukee-Escanaba 

c. Cleveland-Port Colborne 

d. Charlotte-Sacketts Harbor 

e. Marquette -Sault Ste. Marie 

f . Marquette -Duluth 

go Milwaukee-Harbor Beach 

h. Cleveland-Amherstberg 

i . Cleveland-Buffalo 

j . Oswego-Charlotte 

k. Oswego-Toronto 

1. Duluth- Port Arthur 

m. Michipicoten-Port Arthur 

n. Calumet Harbor-Milwaukee 



v 
w 
x 

y 

z 

aa 



Harbor Beach-Escanaba 
Kingston-Cape Vincent 
Port Dalhousie-Kingston 
Harbor Beach-Collingwood 
Calumet Harbor-Harbor Beach 
t. Port Stanley-Port Colborne 
u. Cleveland-Port Stanley- 
Kings ton-Oswego 
Marquette-Port Arthur 
Marquette -Houghton 
Conneaut-Cleveland 
Port Dalhousie-Oswego 
Oswego-Cape Vincent 
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Earlier Discussions Of Errors 

As has been stated previously, the fundamental assumption which 
underlies water -leveling and the determination of Great Lakes rates of 
uplift is that the summer season mean lake surface is level and may be 
used as a plane of reference. The importance of this concept must be 
stressed, for obviously if the mean lake surfaces are not level during 
the summer months, comparisons cannot be made between the gage differences 
of two gages over a period of time due to the lack of a standard reference 
point. If gages are compared by means of a lake surface which is not 
level, then the rates of uplift which result from the comparison are not 
valid. 

GILBERT'S INITIAL STUDY (1896-97) 

The problem of determining a level lake surface, as well as the ef- 
fects of the various other factors which influence the taking of accurate 
water-level measurements, was completely understood by G. K. Gilbert who 
made the first computation of modern rates of crustal movement in the 
Great Lakes <> His understanding of the types of errors involved, their 
importance, and the means of avoiding or eliminating them was not approached 
by subsequent investigators. The following quotation is taken from Gil- 
bert's (1896-97, pp. 61+1-64-5) chapter "Plans For Precise Measurement" — 
plans which, if they had been followed and developed, would have largely 
eliminated the various types of error which prevent the accurate measure- 
ment of water-level elevations. 
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Gilbert (pp» 6h^-6kk) explained that: 

In "bays and estuaries there are local temporary variations 
occasioned "by the floods of tributary streams. 

There are solar and lunar tides, small as compared to 
those of the ocean, but not so small that they may be neglected. 

The wind pushes the lake water before it,- piling it up 
on lee shores and lowering the level on weather shores* During 
great storms these changes have a magnitude of several feet, 
and the effect of light wind is distinctly appreciable. Even 
the land and sea breezes, set up near the shore by contrasts 
of surface temperature, have been found to produce measurable 
effects on the water level. 

There is also an influence from atmospheric pressure. 
When the air is in equilibrium, if that ever occurs, the 
pressure is the same on all parts of the lake surface, and 
the equilibrium of the lake is not disturbed; but when the 
air pressure varies from point to point this variation of 
pressure is a factor in the equilibrium of the water surface, 
the surface being comparatively depressed where the air pres- 
sure is greater and elevated where it is less . 

When a storm wind ceases, the water not merely flows back 
to its normal position but is carried by momentum beyond, and an 
oscillation is thus set up which continues for an indefinite 
period. A similar oscillation is started whenever the equilib- 
rium is disturbed by differences of atmospheric pressure; and 
these swaying motions, called seiches, ..., persist for long 
periods . In fact, they bridge over the intervals from impulse 
to impulse, so that the water of the Great Lakes never comes 
to rest. 

These various influences work independently but simulta- 
neously, and their effects are blended in the actual oscilla- 
tions of the water surface at any point. In using the water 
surface for the purpose of precise leveling, it is necessary 
to take account of all such factors and make provision for the 
avoidance or correction of the errors they tend to produce. 

The gage employed for the determination of water height 
should be of some automatic type, giving a continuous record. 
This is necessary in order that the study of the record may 
furnish data for the complete elimination of errors from tides, 
seiches, and land and sea breezes. ... It should be installed 
as to be secure from settling. The height of its zero should 
be readily verifiable. 

Near each station there should be at least three benches, 
constructed with special reference to permanence and stability. 
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They should "be independent of one another and independent of 
other structures . 

Pressure of the air should be continuously recorded "by 
a baragraph, carefully standardizedo A wind vane and anemometer 
should give automatic records . 

Although Gilbert realized the importance of the factors which affect 
the determination of rates of uplift, he was limited, as in any pioneer 
study, by the data available . Gilbert attempted to avoid the effect of 
wind slope by using only those records which were taken on days of very 
light wind; he was no doubt unaware of the fact that wind-drift currents 
(hence the piling up of water) are the result of the effects of wind 
stresses which were applied up to 10-12 days before the day of measure- 
ment (Millar, 1952, pp. 356-33T; Ayers, et al . , 1958, PP- 112-115; Ayers, 

1959, PP- 4-5). 

Gilbert (pp. 637-638) discussed the other sources of errors as 

follows : 

The probable errors of the individual measurements are 
rather high, ranging from lk to 50 per cent, and this suggests 
the possibility that the closeness of their correspondence may 
be accidental. It should be remembered also that at two or 
three stations there was reason to believe that the gage zeros 
were settling during the period in which the observations were 
made, and the results involve the doubtful assumption that the 
rate of settling was uniform . There is room for doubt as to 
the precision of the instrumental leveling; in only a few in- 
stances is the fact of duplicate measurements recorded, and 
single measurements are notoriously insecure. Error was 
doubtless admitted by ignoring the effects of barometric 
gradient. River floods may have introduced errors. ... There 
may also be personal equations of observers, especially as 
the gages at pairs of stations were not in every case of the 
same type. For all these reasons I am disposed to ascribe 
only a low order of precision to the deduced rate of change, 
and regard it as indicating the order of magnitude rather 
than the actual magnitude of the differential movement. 
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"LEVEL" LAKE SURFACES 

The validity of the assumption that the Great Lakes water surfaces 

are level during the summer was questioned in 1897 "by William T. Blunt, 

engineer of the U. S. Deep Waterways Commission, in "Effects of Gales on 

Lake Erie" (Blunt, 1897, PP- 155-168). 

Blunt (p. 156) declared: 

In the survey of the Northern and Northwestern Lakes the 
assumption was made that the mean surface of each lake was 

level within the limit of possible instrumental errors in trav-r.v 1 

ersing its length, and all heights and gauges west of Oswego 
have been based on this assumption. The actual period of ob- 
servations used to transfer the level by lake surface was from 
May 11 to August 31, 1875; and while it is certain that the 
eminent officer then in charge of the survey took every pre- 
caution to obtain accurate results, it will still be a matter 
of scientific if not of practical interest to have a verifi- 
cation of these elevations. When we consider the marked ef- 
fects of even light winds on the surface of Lake Erie, the 
very decided effects of strong continuous winds, and the extra- 
ordinary effects of gales, in connection with the fact that the 
great preponderance of winds is from the westward, the propo- 
sition that even the mean surface is level appears somewhat 
clouded; it at least requires verification. 

John F. Hayford, geodesist and engineer, completed an investigation 
in 1922 which also refutes the assumption that summer mean lake surfaces 
are level; the results of the investigation were published by the Car- 
negie Institute of Washington in Publication 317, "Effects of Wind and 
of Barometric Pressure on the Great Lakes." 

The principal problem of determining accurate lake -level elevations 

was stated by Hayford (p. 2), who declared: 

As the investigation progressed, it gradually became more 
clearly evident that the largest and most serious errors 
encountered were those which arise from the fact that the 
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surface of any one of the Great Lakes at any given instant 
is not level except "by accident • The surface has a slope 
at every point due to the influence of winds and barometric 
pressures . 

Hayford, for the most part,, dealt with the short-term departures 
from level; however his discussion of tide gage records indicates that 
he also realized the importance of the seasonal effect of wind and baro- 
metric pressure (the conclusions reached apply equally well to lake-level 
gages). Hayford (p. 132) pointed out that: 

It should not be overlooked in this connection that the pre- 
vailing winds and the prevailing barometric gradients tend to 
be seasonal, to be repeated each year, and that therefore the 
taking of a mean for several years is of only moderate effec- 
tiveness in reducing the error in the mean. The monthly values 
of mean sea-level at various tide gages support the statement 
by showing a seasonal variation, as a rule, and thereby inci- 
dentally indicating that the wind effects and barometric ef- 
fects are certainly decidedly appreciable in the monthly means. 

The final chapter of Hayford T s book dealt with the "Application to 

Determination of Tilting of the Great Lakes Region." There Hayford 

(p. 133) said: 

The rate of tilting as derived was .00^-2 foot per mile per 
century — an exceedingly small rate of change. The conclusion 
was derived from apparent changes of relative elevation of the 
water surface as measured at different gages on Lakes Michigan- 
Huron, Erie, and Ontario in different years. The amounts of 
change involved are of the order of 0.1 to 0.2 foot in a per- 
iod of 20 to kO years . Evidently, when such small changes are 
in question there is more chance of securing the necessary 
accuracy if corrections as large as those shown in Tables Nos . 
19 to 23, pages 80-96 of this publication, for barometric ef- 
fect and wind effects, are taken into account. ... 

The deductions of Gilbert are probably correct in the 
main. But a new investigation based on observed elevations 
of water surface corrected for wind effect and barometric 
effects would have greater accuracy and is desirable. 
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Sherman Moore's first determination of rates of crustal movement 
in the Great Lakes region (examples of which are given in Table 3) 
was also published in 1922. In his first paper, "Tilt of the Earth in 
Great Lakes Region, " Moore devoted several paragraphs to the errors -which 
affect lake -level gage readings; this discussion of errors is in sharp 
contrast to his second paper published in 19^8 which contained only two 
sentences referring to errors (one remark is on bench mark stability and 
the other suggests that scatter of points may be due to varying wind and 
barometric conditions ) - 

One statement is particularly pertinent to the discussion of "level" 

lake surfaces. Moore (1922, p. 153-15*0 declared that: 

The lakes themselves are not always level. Prevailing winds 
and continued differences in barometric pressure cause tilt- 
ing of the surface which may last for considerable periods of 
time. These inequalities will usually balance in a long per- 
iod of time, but even a yearly mean is not free from their 
effects . 

Apparently Moore did not realize that the second sentence of the quota- 
tion nullified the assumption — that the summer mean lake surface is 
level — upon which his method of determining uplift rates is based. 

Beno Gutenberg's initial paper on "Tilting Due to Glacial Melting" 
(1933) contains only one reference (on bench mark stability) to errors 
in the treatment of Great Lakes rates of uplift. His second paper, pub- 
lished in 19^1, discussed the influence of the following factors upon 
the recording of tide gage elevations: meteorological effects, eustatic 
changes, water and shore conditions, local movements, effects of the 
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method of observation, effects of errors, and land movement. His obser- 
vations relating to the measurement of lake-level elevations on the 
other hand were scanty. Gutenberg (p. 7^-0) said: 

Absolute values (corresponding to the column 6 in Table k) were 
not calculated, as they are influenced by the general change in 
the lake level due to precipitation, flow in rivers, vertical 
movements of the region of the outlet, wind and other causes. 

In addition, he (p. 7^-5) said: 

Apparently, there are meteorological conditions which affect 
the mean lake level at the various stations on Lake Ontario 
more than those in the other lakes and therefore it is to be 
expected that the results for Lake Ontario are less accurate. 

It may be seen from the foregoing paragraphs that the existence 
of factors which prevent a lake surface from being a level surface was 
known to those investigators who used the lake surface as a datum plane 
in the comparison of pairs of gages in their attempts to measure rates of 
crustal movement. However these investigators seemingly regarded the in- 
fluence of meteorological effects, etc., as constituting only a temporary 
disturbance of level and therefore continued to use uncorrected lake sur- 
face elevations in their calculations. 

OTHER ERRORS 

The existence of other types of error which affect the taking of 
lake -level elevations was known to those investigators who measured 
rates of crustal movement. This fact is demonstrated by the papers of 
Sherman Moore, engineer of the U. S. Lake Survey, who discussed the var- 
ious types of errors in his first pa,per on rates of tilting (1922) and 
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in his gage histories (1939-^0 • "The following quotations from Moore's 
1922 paper point out the poor quality of the early measurements — measure- 
ments incorporated in the calculation of rates of uplift which, according 
to Moore (1922, p. 182), averaged O.V5 ± 0.07 foot/lOO miles/100 years. 
Moore (1922, pp. 153-I55, l8l) stated that: 

Practically, the determination is complicated "by errors 
arising from several causes. Gage readings are frequently 
incorrect due to mistakes in reading the gage, but more fre- 
quently to failure to check the zero of the gage back to 
stable benchmarks sufficiently often. Benchmarks are not 
always stable, but are subject to local settlement. Bench- 
marks are frequently destroyed, and unless there is more 
than one benchmark at the point, later records are not 
comparable. . . . 

... From i860 the records are complete at some points, 
but until about 1872 the gages, in the majority of cases, 
were poorly cared for, and were not properly referenced to 
fixed benchmarks. In the seventies more care was given to 
the gages, and levels connecting their zeros with fixed 
benchmarks were run at frequent intervals. Unfortunately 
the records of the actual gage readings are not available. 
Tabulations of lake levels referred to some plane of reference 
are in the published reports, but the elevations are frequently 
inconsistent, contain some gross errors, and as a whole they 
are not fully reliable. ... During the period 1880 to l899> 
the gages apparently received but little care, and at points 
where there existed unstable conditions, the records have but 
little value. Since 1899 the gages have been well cared for, 
self -registering instruments have been installed, and frequent 
check levels have been run. The locations of many of the pres- 
ent gages are not the same as those of the earlier ones, and 
even where the location is the same it has been impossible in 
some cases to recover the old benchmarks. 

At Harbor Beach the records began in 1875 . The records before 
1900 are staff gage readings, and there is evidence that the 
gage was not well cared for. There were frequent changes in 
gages and benchmarks, but the majority of the benchmarks have 
been recovered and their elevations determined. The records 
as a whole are probably good, although considerable variation 
between individual years is noted. 
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For Lake Erie, the gage at Cleveland is standard. The 
record goes back to i860, and although the history of the gage 
is at times obscure, the elevations are believed to be good. 
At Buffalo a self -registering gage has been maintained since 
1899 • The records before this time were staff readings made 
on various gages at different points in the harbor. No level 
connections between the earlier and the later work can be 
found . 

... At Amherstburg there are records of a self -registering 
gage since l899> but the observations scatter rather widely due 
probably to a variable fall in the river. ... 

Oswego, at the present time, is accepted as the standard 
gage for Lake Ontario. Its history in the earlier years is 
somewhat obscure, but the elevations since i860, have been 
accepted as correct. Until about i860 Charlotte was consid- 
ered the standard gage. Several attempts have been made to 
obtain something consistent out of the records at this point, 
but never with any success. ... The gages and reference: 
points have; .always, fettled, ;. aithaugh-it is believed that the 
original benchmark on the lighthouse has been stable. 

At Port Dalhousie, actual gage readings and direct levels 
to the benchmark are available for 1875, at the time of the 
transfer of precise levels. The records for earlier years are 
referred to depths over the lower sill of the lock, and to 
make them agree with other records on Lake Ontario it is nec- 
essary to assume changes in the elevation of the sill as great 
as two feet, which of course is impossible. ... 

At Toronto there are records of the water surface eleva- 
tion since l8b0, made by the harbor master. It is believed 
that they are all referred to the same benchmark, and that 
the latter has been stable. However, various devices have been 
in use to indicate within the harbor -mas t er 's office, the stage 
of the lake, and these have usually been faulty. This has re- 
sulted in errors, which, due to failure to check the accuracy 
of the indicating mechanism have at times been carried through 
several years. As a result the observations scatter very badly, 
but a mean line is probably very near to the truth. 

The gage records at Kingston fall into two groups, 1895- 
1901, and 1908-1919' The earlier records are depths over the 
invert of the dry dock, the elevation of which was determined 
by comparison with Tibbetts Point. The later group is referred 
to benchmarks the elevations of which were determined by 
another water level transfer. So far as is known there is 
no instrumental level connection between the two groups. The 
records of the self -registering gage at Tibbetts Point, main- 
tained since 1901, scatter badly due to local conditions, and 
the determinations of a line through them is unsatisfactory. . . . 
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ERRORS DUE TO GAGE LOCATION 

Two types of gage locations are important in affecting the accuracy 
of lake-level gage readings, which in turn influences the accuracy of 
precise leveling and rates of uplift. The first type of location is the 
relation of the gage site to the local geography and underwater condi- 
tions, and the second type is the relation of the gage site to the area 
of horizontality of past uplift. 

The effect of local topography and depth of water upon the height 
of the water surface has long been known (e.g., Humboldt, 184-9, PP- 309, 
310; Whittlesey, 1859, pp. 6, 8-10, 18, 24-; Henry, 1902, p. 13; etc.), 
and the importance of gage site location with respect to the area of 
horizontality of former glacial lake shorelines was clearly explained by 
Frank B. Taylor (1927) in a paper to the Michigan Academy of Science 
Paper entitled "The Present and Recent Rate of Land-Tilting in the 

m 

Region of the Great Lakes." 

An example of the effect of gage location near a river is given by 

the monthly mean elevation sheets for Oswego, New York before 1932 (U. S. 

« 
Lake Survey, n.d.) where a note at the bottom of the elevation sheet said: 

The records have been carefully kept and are reliable, «, 

but do not always indicate the stage of Lake Ontario, as the 
gage readings are influenced by high stages of water in Oswego 

Rivera..,; These high stages usually occur in spring months, and * 

give readings from 0.2 ft. to 0.3 ft., or even more, above the 
level of Lake Ontario. 

The interconnecting ramifications of the effects of lake-level gage : 

locations and their importance to precise leveling and accurate computation * 

§ 
i 
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of rates of uplift is very veil brought out by the relationships of four 

gages on Lake Ontario. 

Sherman Moore (19^1^ PP- 2-3) in his gage history of Tibbett's 

Point declared: 

10. The gage record at Tibbett's Point is of but little 
value^ due to local conditions which resulted in failure of 
the gage to give Lake Level. From the firsts the gage was in 
the "well from which water was drawn for the boilers in the 
fog signal station. The bottom to the southwest of the point 
is very flat and shallow, and to insure a supply of water in 
the well at low lake stages, a channel several hundred feet in 
length to deeper water was cut in the bottom. This was filled 
with large broken rock. With westerly winds, the seas running 
over the flat bottom and beach would hold the water in the 
well above lake level, and the gage would read too high. 

Ik. The elevations at Tibbett's Point here listed do 
not give true elevations of Lake Ontario within about 0.15 
ft. The discrepancy is a function of the direction and ve- 
locity of the wind. 

The significance of the above quotation may be seen when its con- 
clusions are compared to the following material from the gage histories 
of the Canadian Hydrographic Service (n.d.): 

Elevations at Kingston on 1903 Datum are based on a com- 
parison of float gage readings for 1909 and 1911 to 1915, with 
water surface elevations at Tibbett's Point. ... 

Elevations at Toronto on 1903 Datum, are based on compar- 
isons of float gauge readings from 1907 to 1909 with water 
surface elevations at Tibbett's Point and from 1917 to 1925 
with water surface elevations at Kingston. 

Elevations at Port Dalhousie on 1903 Datum are based on 
a comparison of float gauge readings from 191^ to 1917 with 
water surface elevations at Kingston. 

If the elevations at Tibbett's Point are "of but little value," and 

if the elevations at Kingston, Ontario are based on the Tibbett's Point 
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readings, then their accuracy must be doubtful. Furthermore, if the 
elevations at Port Dalhousie and Toronto are "based on the Kingston float 
gage elevations, they must also be of questionable accuracy. 

This chain of dependent elevations helps to explain why precise lev- 
eling (at its present state of accuracy) cannot be used to determine rates 
of crustal movement in the Great Lakes region (see pp. 87-90)* 

In view of the long history of the effect of topography and water 
depth upon the water-level and upon its recording at water-level gages, 
and especially in view of F. B. Taylor's explanation of the importance 
of gage site location with respect to the area of horizontality, it is 
difficult to understand why the importance of gage location to the cal- 
culation of rates of crustal movement was. not realized by those inves- 
tigators who determined rates of uplift for the Great Lakes region. 

It is particularly difficult to understand how B. Gutenberg (19^-1, 

pp. 7^0-7^1) could say: 

From the fact that there is practically no relative 
change between Calumet Harbor and Milwaukee on Lake Michigan, 
and between Port Stanley and Cleveland on Lake Erie, it is 
concluded that the zero isobase runs to the north of these 
stations, and consequently that the zero assumed for these 
two lakes approximates the absolute zero. This agrees with 
the findings of Taylor (1926) that, at least since the time 
of the Nipissing Great Lakes, which was about 5 000 years 
ago according to Antevs (1939)* there has been no noticeable 
uplift in the region. 

and then use Calumet Harbor, Milwaukee, Cleveland or Port Stanley as one 

gage of 10 pairs of gages out of a total of Ik gage pairs on Lakes Migh- 

igan-Huron and Erie. It is obvious that uplift cannot be measured in an 
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area where uplift has stopped. Nor can accurate rates of uplift be found 
where one gage of a pair is in an area where uplift has stopped, the 
other ,gage is in an area of uplift, and the point between the two gages 
at which uplift begins is unknown. 

GREAT LAKES RATES OF CRUSTAL MOVEMENT BY PRECISE LEVELING 

One attempt has been made to determine absolute rates of crustal 
movement in the Great Lakes area by means of precise leveling. The re- 
sults of this study are found in Sherman Moore's (194-8) paper "Crustal 
Movement In The Great Lakes Area/' pages 702-706 and Plate I. 

As a result of the factors which are discussed in pages 87-90 
of this paper and to several erroneous assumptions by Moore, these rates 
of crustal movement are not valid. The initial point for the determi- 
nation of elevations for the Great Lakes area is Rensselaer (Greenbush), 
New York, and it is for this point that the first erroneous value for 
the rate of crustal movement was computed. If the initial rate of 
crustal movement is incorrect, the values for the other points in the 
leveling net are probably also incorrect. 
Moore (194-8, p. 702) stated: 

Between mean tide, or half tide, at New York, which at 
that point are practically identical, and Rensselaer, near 
Albany on the Hudson River, there are levels in 1857, 1877, 
and 193^j all run by the U. S. Coast and Geodetic Survey. 
By the levels of 1934-, the land at Rensselaer is lower by 
0.84-9 foot than by the levels of 1877, corresponding to a 
subsidence at a rate of 1.4-9 feet per 100 years. The ele- 
vation by the levels of 1857 falls only 0.02 foot from a 
line through the other two points. This early determination 
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has not been used, as it was considered less accurate than the 
later levels, but its inclusion would have had only a negligible 
effect on the rate. 

The specious reasoning underlying the determination of this rate of 
subsidence at Rensselaer is revealed by an examination of the U. S. Coast 
and Geodetic Survey precise leveling elevations of benchmark Gristmill at 
Greenbush (Rensselaer), New York, and by the leveling net adjustments 
which were made by the Coast and Geodetic Survey. 

The elevations (Comstock, 1876, p. 71; U. S. Deep Waterways Comm., 
1897, pp. 70-71; Hayford, 1900, pp. kk9, 5^0; Hayford, 19Q5, pp. 196, 
289, 378, 555; Bowie, 1914, p. 105) are as follows: 

Year Elevation in Feet 



185 7 a 


15-37 


l877 a 


14.728 


1894 s 


13.645 


1899 


13-577 


1902 


13.873 


1903 


13.863 


1907 


13.863 


1912 


13.865 


1929 


13.618 


193^ a 


13 . 845 



^evel lines run by the U. S. Coast 
and Geodetic Survey. 

The most recent determinations of bench mark Gristmill based on the 

1929 adjustment (Gossett, 1961, letter) are as follows: 

13.619 feet (1902 leveling) 

13.553 feet (193^ leveling) 

13.501 feet (1955 leveling) 

The changes of elevation in the above paragraphs must be examined 

with the following facts in mind (see p. 84): (a) First order leveling 
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■"by the U. S. Coast and Geodetic Survey "began in 1878; therefore the 
levels of 1857 and 1877 were not of first-order precision; ("b) the 
first adjustment to the level net occurred in 1899, partial adjustments 
were made in 1903, 1907 and 1912, and a complete adjustment was made in 
1929 (Rappleye, 19^8a, p- l)« For these reasons the logical choice of 
the early elevation for Gristmill (bearing in mind the precision neces- 
sary to calculate rates of crustal movement) would "be the elevation of 
13-577 feet resulting from the first adjustment in 1899. 

The explanation for the changes in elevations at Gristmill lies 
not only in the fact that better equipment and techniques were used in 
the later levelings (1894, 193^, 1955), hut also to the fact that new 
leveling lines and better determinations of sea level were introduced 
into the precise leveling net with each adjustment or readjustment to 
the net. As was stated in the U. S. Deep Waterways Commission Report 
of 1897 (p. 71): 

In 189^ the Coast and Geodetic Survey ran a line of pre- 
cise levels along the Hudson River, starting from the bench 
mark at Dobb's Ferry. The superintendent gives the elevation 
of the bench mark on the gristmill as 13.64-5 feet, with the 
following note: "The difference between the above (13.64-5) 
and any former results is probably due to the more perfect 
determination of tidal level than to any other cause. 

In other words, the adjusted elevations are not necessarily the re- 
sult of a subsidence or uplift at the bench mark, but, instead, represent 
the introduction of new information into the precise leveling net. The 
bench mark shifting shown by the elevations is almost purely a "paper" 
movement. 
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If the elevations for the years 1877 and 1894 had been used, the 
subsidence would have been I.083 feet/l7 years, or 6*37 feet/lOO years; 
or, if the years 1899 and 1902 had been used, the subsidence would have 
been O.296 foot/3 years or 9.87 feet/lOO years. 

In his section on "Reduction to Sea Level," S. Moore (pp. 704-705) 

states: 

For a correlated picture of the movement as a whole, the 
observations must be reduced to a common datum. The only 
practical datum for this purpose seems to be sea level. If 
one admits a changing sea level there is no means of deter- 
mining whether the movement is uplift or subsidence. Great 
variations in the relative elevation of land and ocean level 
during geologic time seems well established, but it seems im- 
probable that there has been any appreciable progressive change 
in the volume of oceanic water in the last 100 years. 

As was discussed in pages J+5-48, 56-58, of this paper, there is a 

world-wide change in sea level of c O.36 foot/100 years, as well as a 

change in sea level at New York City (the starting point for Great Lakes 

leveling lines) corresponding to O.78 foot/100 years. One can admit a 

changing sea level and by measuring the change and correcting for it, 

decide whether a movement is subsidence or uplift. The height of the 

ocean level in the geologic past has little or no bearing on the problem. 

Significance of Previous Determinations 

An investigation of the gage histories of U. S- Lake Survey gages 
(Sherman Moore, 1939-1944) and of the gage histories of the Canadian 
Hydrographic Service emphasizes the many opportunities, particularly in 
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the earlier measurements, for error to enter into the determination of 
lake -level elevations due to equipment limitations, shifting bench marks, 
incorrect or lost records, observer mistakes, gage locations, etc. 

Rates of crustal movement in the Great Lakes region are determined 
from the gage differences of pairs of gages. The gage differences in- 
clude not only the changes due to land uplift^ hut also the residual ef- 
fects of wind set-up, the barometric pressure effect, the changing dif- 
ferences in seiche amplitudes, tidal differences, observer error, in- 
strument error, bench mark changes, etc. "While it is very probable that 
many of these effects are small in magnitude, or that many of them are 
opposite in sign and thus compensate each other, nevertheless the errors 
caused by these effects must be recognized and removed, or corrected, so 
that the true magnitude of the uplift may be approached as closely as 
possible. Because the magnitude of land uplift is so small, the com- 
bination of the various errors which are preserved in the lake -level 
gage records tend to completely mask its effect and make its detection 
with present methods difficult, if not impossible. 

The change in the character of a plot of gage differences over a 
period of 95-96 years is illustrated graphically by Fig. 5 which shows 
gage differences between gage pairs on Lake Ontario and Lake Erie. The 
great decrease in the fluctuations of the gage differences as operator 
and instrument error was reduced by means of improved equipment, gage 
locations and gaging techniques is readily seen. 
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Fig, 5. Gage differences on Lake Ontario (A. Toronto minus Port 
Dalhousie) and Lake Erie (B. Cleveland minus Port Colborne) show- 
ing decrease in range of fluctuations with improved equipment, 
locations, and techniques. 
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Die proportions of various types of error which distort true lake- 
level values changed throughout the period of record taking. In the 
earlier days of lake gaging, say before 1920, bench mark stability and 
instrument and operator error predominated, whereas the systematic errors 
caused by meteorological effects, tides, harbor effects, etc., were rel- 
atively small. After improved equipment, techniques, etc., removed the 
grosser aspects of instrument and operator error, the importance of mete- 
orological effects, etc., grew proportionately. 

At the present stage of lake -level gaging the greatest deviations 
from true lake-level elevations (on each lake— not referred to sea level) 
are due to meteorological effects and the effect of gage location. Be- 
fore worth-while determinations of crust al movement can be made, correc- 
tions for these effects, as well as for the remaining instrument and 
operator errors, must be made. 

The following section discussing modern rates of land uplift around 
Lake Erie points up the difficulties which arise when all of the aspects 
of a problem are not viewed in a coordinated manner — in this instance 
the failure to examine and analyze all aspects of the problem caused a 
case of "mistaken identity" to arise. 

LAKE ERIE 

An examination of Plate I reveals that Lake Erie and its shores have 
been completely within the area of horizontality since Nipissing time, a 
period of approximately 3000 years . Despite the fact that no uplift has 
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occurred for 3000 years , all of the determinations of rates of crustal 
movement (with the exception of Horton and Grunsky, 1927 ^ P* 3 2 ) have 
found uplift around Lake Erie — the rates varying from 0.009 foot/lOO 
miles/100 years (Moore , 19^8) between Cleveland and Port Stanley (Guten- 
berg, 19^1 > finds zero uplift for the same pair) to 1.6k feet/100 miles/ 
100 years (Moore, 1922) between Cleveland and Amherstberg (see Table 3)- 

As postglacial uplift probably ceased about 3000 years ago, the 
rates of the quantity called "crustal movement" must in actuality be 
rates of some other quantity. Because Great Lakes water-level gage rec- 
ords are not corrected for the factors which were discussed in Part II 
of this paper (pp. Ul-76), the previously determined "rates of crustal 
movement" measured the change in the net difference of the accumulated 
effects and errors (chiefly meteorological) which are incorporated in 
the gage records. The "rates of crustal movement" would be more accu- 
rately labeled "average net setup" for the period of record of a given 
pair of gages . 

The same method is used to determine rates of crustal movement in 
the entire Great Lakes region, and as this method has yielded rates of 
crustal movement up to l.XA- feet/100 miles/100 years in an area where 
uplift had ceased several thousand years ago, and as this rate exceeds 
all of the Nipissing rates (Table l) and all but two of the computed 
modern rates (Table 3), it is reasonable to assume that the value of the 
rates of modern crustal movement, even the existence of modern crustal 
movement, around the Great Lakes is in doubt. 



V. COMPUTATION AND CORRELATION OF METEOROLOGICAL EFFECTS 

AND GAGE DIFFERENCES 



As has "been pointed out previously, gage differences are the basis 
for computing rates of crustal movement and are also the basis for com- 
puting set-up between pairs of gages. The justification for using the 
same quantity as the basis for two entirely different phenomena is the 
assumption that winds over the Great Lakes in the summer months blow in 
opposing directions so that "the mean surface of each lake is level" 
(Comstock, 1882, p. 592) and, therefore, that set-up does not exist to 
any significant degree; consequently gage differences represent movement 
of the land between the gages of each pair. 

If the winds over the Great Lakes do not neutralize each other's 
effects on the water surface during the summer months, i.e., if vector 
resultant winds from one quadrant predominate; then the wind from the 
prevailing direction will exert its influence and net set-up will occur 
in the direction of the prevailing wind. If net set— updoes occur, a plot 
of the gage differences over a number of years will measure the average 
net set-up for that time, not the rates of crustal movement. 

The cruqial point is whether summer winds can produce a predominant 
summer vector resultant wind whose setup can be correlated with the mag- 
nitudes of the gage differences . If such a correlation can be shown, the 

rates of crustal movement which have been calculated heretofore are not 
valid. 

119 
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Previous Statements of Westerly Prevailing Winds 
Mark W. Harrington's (1895) comprehensive study Surface Currents of 
the Great Lakes included Wo tables of "wind directions over the Great 
Lakes. In writing of the most frequent winds on the Great Lakes (as 
shown by compilation of tri -daily readings from 1871-1888) Harrington 
(p. vi) stated: 

If we take the months May to September, inclusive, the 
numbers are W., 1; WE., 12; E., 0; SE., 10; S., l6; SW., 29; 
W., 13; WW., 7. This is 88 for these months, of which 33 per 
cent are SW; 15 percent W; and 8 percent WW.; or 56 percent 
from a westerly direction. 

The prevailing character of the westerly winds at the 
lake station is shown still more clearly in the resultant 
wind directions (Table II ): 

The wind directions for the following stations were taken from 

Harrington's Table II (p. v): 

June July Aug. Sept . Annual 

Buffalo S.kk W. S.58 W. SA9 W. S.52 W. S-57 W. 

Duluth W.13 E. N.ll* W. N. 3 W. W. 5 W. W. 7 W. 

Oswego S.6l W. S.72 W. S.53 W. S.20 W. S-55 W. 

Rochester S.80 W. S.88 W. S.76 W. S.67 W. S-75 W. 

Toledo S.40 W. S.64 W. S.67 W. S-35 W. S-57 W. 

William T. Blunt 's "Effects of Gales on Lake Erie" (1897, pp. 157- 

158, diagram no. 2) also contained tables and a graphic representation of 

winds as recorded at Toledo, Ohio (1891-95)- Blunt 's tables showed that 

winds from the southwest and west exceeded those from the northeast and 

east during eleven months of the year (including all of the summer months). 

Blunt (p. 158) stated that, "... the resultant movement and direction in 

the average months are most decidedly from the westward. . . . " and "this 
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naturally tends to keep the mean level of the east end of the lake higher 
than that of the west end." 

Wind directions of all stations, except Cleveland, around the .Amer- 
ican shore of Lake Erie (based on 15 years of observations), during the 
months of June, July, August and September blew from the southwest (from 
S 13° W to S 73° Wj (Henry, 1902, p. 11). Regarding the wind directions 
at Cleveland, Ohio, A. J. Henry (p. 11) declared, "The unusually large 
number of southeasterly winds at this station is not clearly understood, 
unless as suggested by local forecast official Kenealy, of Cleveland, 
they are due to land and lake breezes." 

A modern summary of Great Lakes wind velocities (USWB, 195 9 ^ PP« 
15-1*0 confirms the earlier observations that the prevailing summer winds 
are from the southwest on Lakes Erie and Ontario and are from the westerly 
quadrant on Lakes Michigan, Huron and Superior. 

As the preceding excerpts illustrate, it has been known for 60 or 
more years that the predominant wind direction for the Great Lakes is 
westerly; in addition, the prevailing southwesterly direction of summer 
winds on Lake Erie has also been recognized since the l890 f s. 

Because it has been known at least since the early nineteenth cen- 
tury (Dwight, 1822, p. 96; Hall, I8V5, p. 200) that southwest winds on 
Lake Erie cause a rise of water level at the eastern end of the lake, 
and because it has also been known, since the l890 T s (if not before), 
that southwest winds predominate during the summer months, it is sur- 
prising that the assumption that the summer season mean lake surface is 
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a level surface has "been questioned only by William T. Blunt (see p. 
102). 

Present Study 

A review of the material in the preceding sections prompted the de- 
cision to test the validity of the assumption which underlies water -lev- 
eling, as well as the determination of rates of crustal movement; the 
test to "be by correlating the gage differences of a pair of gages on the 
Great Lakes with summer wind velocities on the same lake. 

For a number of reasons Lake Erie was an ideal location for the 
correlation study; the more important reasons being: 

(a) Lake Erie is oriented so as to be almost parallel with tHe pre- 
vailing winds of the summer months. 

(b) Water-level gages (at Toledo and Buffalo) are located at the 
ends of the lake, and the direction of a line from Toledo to Buffalo is 
within 3° of the direction of the lake's axis. 

(c) First-order U. S. Weather Bureau stations record wind velocities 
relatively near (9-l8 miles) the gage sites and at two other points where 
the lake is divided approximately into thirds (Cleveland and Erie). 

(d) Lake Erie is shallow (average depth c 58 feet) and the gage 
sites are at the converging ends of the lake; both factors increase the 
magnitude of set-up, which in turn, amplifies the relationship which 
exists between wind velocities and set-up (gage differences). 
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(e) Lake Erie is located "wholly -within the Nipissing area of hor- 
izontality; therefore postglacial uplift could not have occurred during 
modern times, and the rates of crustal movement which have been calcu- 
lated must represent some other quantity. 

Similarly the gage differences of gage pairs in the other Great 
Dikes could also be correlated with wind velocities. The gage pairs 
chosen should meet three requirements : 

(1) The direction between the gage sites of the pair of gages must 
parallel, at least roughly, the direction of postglacial uplift (i.e., 
one gage should be about N 70° E from the other). 

(2) Both gages of a gage pair must be north of the Nipissing zero 
isobase, and 

(3) There must be nearby weather stations which record wind veloc- 
ities and whose records are available. 

These requirements restrict testable additional gages to two pairs. 
One pair (Duluth-Port Arthur) is located on Lake Superior, and the other 
pair (Toronto -Kingston) is on Lake Ontario. Although these gage pairs 
fill the requirements better than any of the other available gage pairs, 
serious deficiences remain which greatly limit their usefulness; however 
the deficiencies serve to point out the need for more complete meteorolog- 
ical and lake- level data on the Great Lakes. 

Owing to gage site locations as well as to the fact that the average 
angle between the summer wind direction (1950-59) and the direction of the 
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Duluth-Port Arthur axis was ^-1°, it is expected that the correlation 
between gage differences and wind velocities would "be low. An examina- 
tion of current charts of Lake Superior (Harrington, 1895, Lake Superior 
Chart; Millar, 1952, Fig. 5) reveals circumstances which would tend to 
support this expectation. The current from the area of Thunder Bay 
(Port Arthur) Ontario moves southwestward along the northwest shore 
of Lake Superior to an area somewhere between Grand Marais, Minnesota, 
and Devil's Island, Wisconsin, where it curves to the east. The cur- 
rent flowing along the northwest shore from Duluth moves northeastward 
to an area south -southwest of Grand Marais where it also curves to the 
east, or continues to curve around until it is flowing to the south- 
southwest. Thus the situation exists where the current direction at 
one gage is l8o° from the current direction at the other gage; as setup 
is dependent upon the wind-drift current (which in this case is flowing 
in opposite directions) it. is to be expected that a very low or non- 
existent correlation would be found. 

The Toronto -Kings ton gage pair on Lake Ontario meets the first two 
requirements satisfactorily, but proves to be inadequate on the third — 
that of nearby wind and barometric pressure observations. Wind and bar- 
ometric pressures are recorded at the Class I weather station at Toronto 
at the western end of the lake, but records of wind velocities and bar- 
ometric pressures are not available for the eastern end of Lake Ontario. 
The nearest available wind and barometric pressure observations were 
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taken at Trenton, Ontario, which is located only two-thirds of the dis- 
tance from Toronto to Kingston. A gap in the Trenton records for the 
years 1953 a ^cL 195^ 1 w as filled in "by wind observations taken at Main Duck 
Island. Main Duck Island has an excellent location in open water at the 
eastern end of the lake, but the observations were recorded by a radio 
beacon station which is a class c weather station (the Canadian Mete- 
orological Division stations are classed as I, II, III and c). In 
addition the record at Trenton is available only to 1955- 

Because wind and barometric pressure information is not represent- 
ative of the eastern end of Lake Ontario (observations were made about 
5 4 miles from Kingston), the correlation of gage differences between 
Toronto and Kingston and wind velocities should not be significant. 

Lake Erie Winds 

VECTOR WINDS 

At the beginning of the study it was expected that mean wind veloc- 
ities for the summer months could be obtained for the locations and years 
under investigation directly from the U. S. Weather Bureau Local Clima - 
tological Data and the Canadian Meteorological Branch Monthly Meteoro - 
logical Summaries . However it soon became apparent that prevailing wind 
directions and average speeds from these compilations were not suitable 
for calculating set-up or for correlating with gage differences. 

The wind speeds and directions reported in the Local Climatological 
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Data are determined as follows: 

The prevailing wind directions for the month is the direction 
which has the greatest, total number of hourly occurrences arrived 
at "by the summation of hourly observations in Table B, Wind Direc- 
tion and Speed Occurrences, published in the Local Climatological 
Data Supplement ... (Fox, i960). 

Average Wind Speed. . . at the foot of the column, enter the 
sum of the daily average hourly speeds, and the average of these 
speeds as obtained by dividing the sum by the number of days in 
the month. ... (U. S. Weather Bureau, 1959). 

Wind speeds and directions arrived at in this manner are suitable for 
work in climatology, for evaporation and cooling studies, etc., but not 
for work which is concerned with transport, in this study with the trans- 
port of water. The transport of water by a wind-drift current is de- 
pendent upon the wind stress, which in turn depends upon vector winds. 

Because vector wind speeds and directions are not published (or, ex- 
cept in certain studies, determined) for the Great Lakes, it was neces- 
sary to compute the vector winds for Lakes Erie, Ontario and Superior. 
The length of time required to plot the wind vectors restricted the 
time period of correlation to ten years (1950-59) for Lake Erie and Lake 
Superior. The lack of wind information imposed the eight year period 
( 19^8-55) for Lake Ontario. 

The procedure which was used to plot the vector winds is given in 
pages 158-l^L Tables 7-66, (pp. 180-227 of Appendix II ) contain the 
daily, monthly and summer season vector winds for: (a) Lake Erie — 
Toledo, Ohio, and Buffalo, New York, (b) Lake Ontario— Toronto, Ontario, 
and Trenton, Ontario, and (c) Lake Superior — Duluth, Minnesota, and Fort 
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William/Port Arthur, Ontario. 

Over-water vector resultant winds computed for the summer season 
(June, July, August and September) for Lake Erie (1950-59) and Lake 
Ontario (19^-8-55) a re summarized in Table 5- l^e summer season vector 
resultant winds for Lake Superior are land station winds because an 
over -water: land wind ratio has not been determined for Lake Superior. 

All studies have indicated that the prevailing summer wind direc- 
tions for Lake Erie and Lake Ontario are from the southwestern quadrant, 
and that the summer prevailing wind directions for the other Great Lakes 
are from the western quadrant. Winds blowing over the water surface 
from the southwest cause a net set-up to occur — the water surface being 
depressed on the windward shore and piled up on the lee shore (see Fig. 
Vb). The set-up is a tilt of the lake surface — the tilt being up toward 
the northeast. 

Postglacial crustal movement in the Great Lakes region has con- 
sisted of an upwarping to the northeast; therefore when investigators 
(seeking to measure postglacial uplift by means of uncorrected lake- 
level gage readings compared with the presumed "level" summer lake sur- 
face) plotted gage differences for pairs of gages and found a northeast 
tilting, they apparently assumed that the change in gage differences was 
produced by crustal movement. Because investigators thought that the 
lake surface was level, whereas it was actually tilted upward to the 
northeast, the northeastern gages of the pairs appeared to be uplifted 
by the amount of the net set-up. 
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TABLE 5 



A. LAKE ERIE OVER-WATER WINDS (JUNE -SEPTEMBER) 
MEAN VECTOR RESULTANT WIND FOR TOLEDO-BUFFALO 



Summer Season Over-Water Vector Resultant Wind 



Year 


From 


mph 


Year 


From 


mph 


1950 a 


214° (SSW) 


265 


1955 


227° (SW) 


304 


1951 


224° (SW) 


518 


1956 


228° (SW) 


582 


1952 


2l4° (SW) 


576 


1957 b 


238 (WSW) 


355 


1953 


223° (SW) 


505 


1958 


21+0° ,(WSW) 


735 


1954 


236 (SW) 


592 


1959 


237 (WSW 


445 



a Based on three months (July, August, September) 
Based on -three months (June, July, August) 



B. LAKE ONTARIO OVER-WATER WINDS (JUNE- SEPTEMBER) 
MEAN VECTOR RESULTANT WIND FOR TORONTO-TRENTON 
Summer Season Over-Water Vector Resultant Wind 



Year 


From 


mph 


Year 


From 


mph 


1948 


280 (W) 


464 


1952 


242° (WSW) 


638 


1949 


253 (WSW) 


460 


I953 a 


251 (WSW) 


476 


1950 


260 (W) 


598 


I954 a 


270 (W) 


410 


1951 


252 (WSW) 


48o 


1955 


246° (WSW) 


339 



^Observations from Main Duck Island 1953-195^ « 



C. LAKE SUPERIOR LAND STATION WINDS (JUNE -SEPTEMBER) 
MEAN VECTOR RESULTANT WIND FOR DULUTH-PORT ARTHUR 





Summer Season 


Land Station Vector 


Resultant Wind 




Year 


From 


mph 


Year 


From 


mph 


1950 


262 (W) 


290 


1955 


266° (W.) 


109 


1951 


278 (W) 


146 


1956 


337° (NNW) 


86 


1952 


246° (WSW) 


223 


1957 


278 (W) 


115 


1953 


262 (W) 


216 


1958 


266° (W) 


320 


1954 


22° (NNE) 


80 


1959 


218° (SW) 


142 
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When gage differences were plotted for a number of years and a "best- 
fit curve drawn, the slope of the curve was called the "rate of crustal 
movement;" in fact, the slope of the curve represented, for the most part, 
the average net set-up for the time period being considered. 

It must be emphasized that the quantities which were determined and 
used in the following sections, i.e., gage differences, barometric pres- 
sures, and effective wind velocities, are net quantities; that is, they 
are residua of winds, barometric pressures, and wind and barometric pres- 
sure effects which occurred over the four month summer period. As quan- 
tities which do not represent phenomena that were actually observed, but 
rather averages of actual conditions, they should represent a quasi -steady 
state condition, and the relationships deduced from their study may or may 
not apply in detail to momentary, hourly or daily conditions. 

EFFECTIVE WINDS 

Summer season over -water mean monthly vector winds (summer mean 
monthly winds) cannot be used directly in the computation of set-up, or 
in correlating gage differences with set -up— they must first be converted 
to effective winds, i.e., winds which represent that portion of the over- 
water wind which causes the observed setup at the gage sites. 

Winds vary from Cff> to 100$ in effectiveness— 100$ effective winds 
are those winds which cause the observed gage differences (corrected for 
barometric pressure effects). Zero per cent effective winds are winds 
which blow at right angles to the lOCffo effective winds. Ideally, effec- 
tive wind velocities when squared and plotted against corrected gage 
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differences "would yield a + 1.0 correlation coefficient. 

Effective winds are usually found by resolving vector resultant 
winds into their components; in this case, effective winds are functions 
of the cosines of the angles between the resultant wind directions and the 
direction of the lake axis (deviation angles). However, effective winds 
are defined as winds which cause the observed setup, and not as the simple 
components of resultant winds. Because resultant winds must exert their 
influence across the air-water interface, and because they blow over a 
curved surface and not a flat plane, effective winds may not be cosine 
functions of the resultant winds; instead they may bear some other rela- 
tionship to resultant winds. With this possibility in mind, effective 
winds were computed in two ways: (l) one computation was made using 
the cosines of the deviation angles from 0-90 degrees; and (2) the 
other computation was made using a linear relationship, i.e., winds were 
considered to decrease l.llfo in effectiveness for each degree that the 
resultant wind directions deviated from the direction of a line con- 
necting the two gages under investigation (see pp. 139-1^0). 

The test to determine the correct method is by comparing the degree 
of correlation (shown by the correlation coefficient r) between the ef- 
fective wind velocities squared and the observed gage differences cor- 
rected for barometric pressure effect. If winds from one particular direc- 
tion are most effective in creating the set-up, the correlation coefficient 
for this direction and the set-up should be at a maximum. Ihus the values 
of the correlation coefficients should increase as the wind directions 



131 

approach the 100$ effective wind direction, be at a maximum at the 100/o 
effective wind direction, and decrease as this direction is exceeded. 
If winds blow from a direction opposite to those which cause the quasi - 
steady state setup, i.e., they blow "down slope," they are called neg- 
ative effective winds. For example, a wind that blows in a direction 
l80° from the direction of the 100$ effective wind would be a -100$ 
effective wind. 

Direction of Effective Wind 

Previous investigators (Hellstrom, 19^1, pp. 17 -18; Keulegan, 1953, 
pp. 102-103; Harris, 195 1 *-, P- 38; Gillies, i960, p. 37) have considered 
the 100$ effective wind as blowing parallel to the lake axis, i.e., on 
Lake Erie the 100$ effective wind would be from 2^8° . The choice of the 
lake axis direction as the 100$ effective wind direction presumably fol- 
lows the reasoning of V. W. Ekman's theory of currents which postulates 
that the rotation of the earth does not deflect surface currents in shal- 
low water, and that, consequently, wind-drift currents flow in the direc- 
tion of the wind. In addition, Ekman's theory proposes that the slope of 
the water surface will always be in the direction of the wind in water 
of any depth. Because these conclusions do not agree with the results 
of this investigation, Ekman's theory will be examined briefly in the ; 
light of the observations which prompted its formation. 

V. Walfrid Ekman originated his now classic theory of ocean currents 
in 1902 at the suggestion of Fridtjof. Nansen who discovered during the 
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drifting of the ice pack which held his ship, the "Fram, M ■ that the ice 
drift of a given wind deviated to the right of the wind direction. Fol- 
lowing the original Norwegian publication of the theory in 1902, Ekman 
expanded his theory which was then published in 1905 as "On the Influence 
of the Earth T s Rotation on Ocean Currents." 

Ihe theory : represents conclusions deduced from a mathematical model 
of ocean currents incorporating several simplifying assumptions; these 
assumptions cause the model to differ from conditions as they exist in 
nature (see pp. 5^-56). Ekman (1905) states several conclusions which 
are pertinent to this discussion as follows: 

Equations (5) then show that in the northern hemisphere 
^ e ^ r ^^ current at the very surface will "be directed 4-5 ° to 
the right of the velocity of the wind (relative to the water). 
In the southern hemisphere it is directed ^5° to the left . . . 
(p. 8). 

The ahove -mentioned result, according to which the sur- 
face-current's deflection from the wind-direction, is invari- 
ably 45 % seems rather strange; one would indeed expect the 
earth T s rotation to have less influence on the currents, the 
smaller its vertical component od sin $ . .. (p. 10-). 

The angle a "between the wind and the surface -current, is 
not exactly ^5°, when the depth is finite. ... and the angle 
of deflection a consequently depends on the ratio "between the 
depth of the sea d and the Depth of Wind-Current D. If d/D 
is a small fraction, a is small and the current goes nearly 
in the direction of the wind. As the depth increases, a is 
alternately smaller and greater than ^5°- Thus for instance 
a = 21°, 5 for d = 0,25 D, a = 4-5° for d = 0,5 D, a = ^5%5 
for d = 0,75 D> and a = k^° for d = D. "When d is greater 
than D, the deviations from the mean value a = ^5° are quite 
insignificant, and the motion takes place almost exactly as 
on the deep sea. (p. 13-1*0. 

. . . The arrows represented without shaft -feathers give the 
direction of the slope; it is remarkable how nearly this direc- 
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tion follows the wind's direction (common for the whole plate) 
whatever be the depth of water. This shows clearly that the 
earth f s rotation has no considerable deflecting influence on 
the mounting up of water , in a s ea impelled over its whole 
area by the same wind (although the currents themselves may 
deviate from the wind T s direction). Its influence on the 
absolute magnitude of the mounting up is also found to be 
rather moderate , its effect being to diminish the inclination 
of the water-surface in the ratio 0,98 if d = 0,5D, in the 
ratio 0,77 if d = 1,25 D, 0,71 if d = 2,5 D, and exactly 
2/3 if d is infinite (p. 37). 

The above quotations represent the chief deductions relating to the 
angle between the wind direction and the surface wind-drift current, and 
between the wind direction and direction of water surface slope. 

Although Nansen's original observations of the angle of deviation 
between wind direction and ice-drift are given as 20°-40° to the right 
of the wind (e.g., Ekman, 1905, p. 2; Sverdrup, et al . , 19^2, p. 492), 
an examination of Nansen's (1902; 1904) summaries of the original data 
reveals that the range of the deviation angles was not that uniform. 
Nansen T s observations taken aboard the "Fram" from 1893-1896 are sum- 
marized in the histograms of Figs. 6 and 7 (the angles of deviation were 
compiled from Nansen, 1902, pp. 366-67, Table 9, Column 13). 

The histogram of Fig. 6 shows the distribution of the frequencies 
of occurrence of the angles between the wind resultant and the direction 
of ice-drift (after correction for the permanent current). The majority 
of the angles are in the 20°-40° range, but wide variances exist, e.g., 
the maximum angle was 80° to the right of the wind, the minimum angle was 
63 to the left of the wind, and mean angle was 28° (only 62$ of Ekman T s 
theoretical value). 
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Maximum angle = +80° 
Minimum angle = - 63° 
Mean angle = 28° 

r = Left of wind resultant 
+ = Right of wind resultant 



13k 



1 I 1 I I I 



o 
en 



cn 
O 
en 



O 
cn 



<>l 


ro 


JL 


O 


O 


O 


cn 


cn 


Oi 



p 


ro 


OJ 


A 


cn 


0) 


->l 


on 


o 


o 


O 


O 


O 


O 


O 


u» 


cn 


cn 


cn 


cn 


cn 


cn 


cn 



Angle between wind resultant and direction of ice drift 



Fig. 6. Frequency of wind drift— "wind resultant angles measured 
during drift of the "Pram," 1893-1896. 
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Angle between wind resultant and direction of ice drift 



Fig. 7 % Comparison of frequencies of drift deviation angles for 
soundings in: A. shallow (<L00 m) and B. deep (>100 m) water. 
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Sounding information from Nansen's (190*4-, pp. 9-11 ) paper "The 
Bathymetrical Features of the North Polar Seas" was combined with wind- 
drift information from the 1902 paper to produce the histogram of Fig. 
7 — which represents the distribution of the angles of deviation of the 
ice-drift from the wind direction on the days when soundings were taken 
(56 soundings and deviation angles can "be compared). The deep water 
histogram is the more interesting of the two histograms in that it shows 
that kO of the k7 angles were less than 35° to the right, four angles 
were 59° to the right, and none of the angles fell in the ^0.5°-55*5° 
range, whereas according to Ekman (1905* p. 10) the angle "is invariably 
45 °.'" The compilation also includes instances of deviation angles bear- 
ing to the left of the wind direction instead of to the right as required 
by the theory. 

Nansen (1902, p. 378) gave the angle between wind drift and wind 
resultant as: (a) 26° from November 23, 1893, to November 23, 189^, 
(b) 3^-° from November 2k, 189^, to November 28, 1895, and (c) 23° from 
November 28, 1895* to November 27* 1896. Other observations of the 
wind-drift direction angles confirm this lower range of values. For 
example, according to Sverdrup, et al. (19^2, pp. 623, 666), Brennecke 
found the drift of the "Deutschland" in the Antarctic Weddell Sea to be 
3^° on the average, and Sverdrup reported the ice-drift over the North 
Siberian Shelf to average 33° to the right of the wind. In addition, 
G. E. Hutchinson (1957* p. 268) stated that R. Witting in 1909 measured 



(109 observations) the angle of current deviation from the wind direction 
in water only 9 meters deep and found the deviation to be 33° to the right. 

In each of these cases an explanation was advanced as to why the ob- 
served angles differed from the theoretical angle rather than why the 
theoretical value failed to conf orm to conditions as they were measured 
in nature. When empirical observations reveal a consistent difference 
between their values and the values obtained from a mathematical model 
of the phenomenon, it would appear that the model fails to account for 
some relationship which exists in natur^yand for that reason it should 
be re-evaluated and adjusted so as to conform to natural conditions. 

Ekman's statement that the slope of the water surface is always in 
the direction of the wind, rather than at some angle to the right of the 
wind, runs counter to intuitive reasoning of the subject. Because the 
surface slope is caused by the wind-drift current which flows at some 
angle to the right of the wind (in the northern hemisphere), it would 
seem that the surface slope should also be at a maximum in a direction 
at some angle to the right of the wind. In a study "Ihe Effect of 
Steady Winds on Sea Level at Atlantic City," A. R. Miller (1957* P- 30) 
found that a nomogram relating the factors which cause departures from 
mean sea level indicated that a deviation angle of 20° gave the greatest 
slope if the assumption were made that the greatest departure takes place 
when net transport is normal to the coast-line. Miller (p. 30) stated 
that: 
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If the net transport represents surface drift and the 
gradient wind is replaced by geostrophic "wind, the empirical 
angle of 20° is comparable to the computed angles (^ Q - </> s = 
19° to 28° ) between surface drift and gradient windo 

If Ekman's theory is followed, the direction of the effective wind 
would parallel the direction of a line connecting the two gages which 
record the water-surface levels; however, if, as suggested by Miller's 
nomogram, the slope occurs to the right of the wind, the effective 
wind would be from some direction to the right of a line connecting the 
gage sites. 

Lake Erie, for reasons of geographical location, relatively uni- 
form shallowness, wind measurements (first order weather stations around 
the lake) and water-surface measurements (levels taken by modern instru- 
ments and procedures), presents an excellent situation for testing Ekman's 
hypothesis of water -surface slope direction in shallow water. 

As shown in Fig. 8, the direction of a line between the gage sites 
at Toledo and Buffalo is N 71° E„ If Ekman were correct with regard to 
to slope direction, an effective wind blowing from S 71° W (251°) would 
give the best correlation with the observed gage differences corrected 
for barometric pressure effect. On the other hand, if the greatest slope 
occurs to the right of the wind direction, the wind showing the best cor- 
relation with the set-up (in this situation where the slope direction is 
fixed) should come from some direction to the right of the Toledo -Buffalo 

SLXiS . 
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TOLEDO 



TOLEDO-BUFFALO AXIS 
N.7I°E. 



o°/° 




BUFFALO 



100$ Effective wind considered as coming from: 



218° (33° Right) 
213° (38° Bight) 
208° (43° Right) 



Fig. 8. Lake Erie effective wind directions. Rela- 
tionship of wind directions to 100$ effectiveness in 
creating observed setup at Toledo and Buffalo. 
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VECTOR WIND AID EFFECTIVE WIND PLOTTING PROCEDURE 

The procedure outlined "below was used to convert land station wind 
directions (prevailing) and speeds (average) to vector quantities. Wind 
directions and speeds for American stations were taken from the U. S. 
Weather Bureau T s Local Climatological Data Supplements and those for 
Canadian stations were obtained from Meteorological Division's Monthly 
Meteorological Summary . 

The plotting procedure for vector winds is as follows: 
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(a) Die' four synoptic hour observed winds (or winds recorded 
closest to the hours of 0100; 0700; 1300; 1900) were plotted as vectors 
(scale of 1 in, = 5 mph); their resultant, when divided by four, gave 
the daily mean vector wind at the land station concerned. 

(b) In order to obtain over -water vector winds for the lakes under 
investigation, the daily land station mean vector winds were converted 
to over-water vector winds by applying empirically derived over -water; 
land ratios. These ratios which have been determined only for Lake Erie 
(Hunt, 1958, pp. 28, 30) and Lake Ontario (Bruce and Rodgers, 1959* PP- 
10-11) are as follows: 

(i) Toledo : — V wate r/ V land = !-59 for June -September, 1950-59, with the 
exception of June, 1950, 1952-5^ a ^d July* 1955/ when V w /Vi = 1.13; 
(ii) Buf f alo : — V w /Vi = 1.13 for June -September, 1950-59, with the ex- 
ception of June, 1950, when V w /Vi = 0.90, and September, 195 6, when 
Vw/Vi = 1.59: 

(iii). Lake Ontario: —(Bruce andR<bdgers "spring") V w /Vi = 1.60 for June 
and July. 

(iv) Lake Ontario: — (Bruce andR6dgers "fall") V w /Vi =1.90 for August 
and September. 

(c) The 30 (or 31) daily over-water mean vector winds were plotted 
on a scale of 1 in. = 10 mph to secure the monthly over - water vector re- 
sultant winds . Monthly mean daily ve ctor winds were found by dividing 
the value of the monthly over -water vector resultant winds by the number 
of days in the month. 
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(a) The number of monthly over-water resultant winds corresponding 
to the number of stations used were plotted (scale 1 in. =50 mph) as a 
progressive vector plot in which the June wind velocity of one station 
was drawn to scale, "being followed by the June wind velocity at the other 
station; the wind velocities for July, August, and September were plot- 
ted similarly. The vector sum was divided by the number of stations (two) 
to get the summer season over - water vector resultant wind [to be called 
the summer resultant wind ] for the lake under discussion. 

(e) The summer resultant wind divided by four gave the summer 
season over - water mean monthly vector wind [hereafter called the summer 
mean monthly wind]. 

(f ) Summer mean monthly winds were converted to effective winds be- 
fore the relationships with set-up were determined. 

Effective winds on Lake Erie were determined by two methods : 
(a) the first method is based on the assumption that the effective wind 
is a linear function of the vector wind; (b) the second method considers 
the effective wind to be a cosine function of the vector wind. Using 
the first method, the effectiveness of a given wind was found by: (a) 
subtracting the wind direction from the lOOrfo effective wind direction 
to get the deviation angle, (b) multiplying the deviation angle by 1.11$ 
(9o° = lOOjt) to obtain the percentage of ineffectiveness, (c) subtracting 
the percentage of ineffectiveness from 100$ to get the effectiveness per- 
centage, and (d) multiplying the resultant wind speed by the effective- 
ness percentage to get the effective wind speed. For example, if the 



direction of the 100$ effective wind were 250°, winds from l6o° and 5^0° 
would have zero effectiveness; winds from 70° would "be -100$ effective; 
and winds from, say, 220° and 280° would be 66.7$ effective. Following 
the second method, the effectiveness of a wind was computed "by: (a) 
determining the cosine of the deviation angle (equal to 100$ effective 
wind direction minus the given wind direction), (b) multiplying the 
cosine by 100 to get the percentage of effectiveness, and (c) multi- 
plying the vector wind speed by the effectiveness percentage to get the 
effective wind speed. 

The resulting summer season over - water mean monthly effective vector 
winds [called effective wind or "V"] were then squared because wind 
stress, and thus setup, is a function of the wind velocity squared 
(see pp. 51-53). The quantity V 2 was used in wind-slope calculations, 
correlations, etc. 

The effective wind velocities for Lake Erie which were computed 
from the summer mean monthly winds (1950-59) for 1J directions from 251° 
(on axis) to 208° (^3° to the right of axis) are given in Table 67 
(Appendix II, p. 228). ;. These effective wind velocities were squared 
and correlated with summer season mean corrected gage differences for the 
same years. 

Correlation of Effective Winds and Wind Slopes 

Observed gage differences are composed of wind slopes and barometric 
pressure effects; therefore, the effect of barometric pressure differences 
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must be computed and subtracted from the gage differences "before the 
gage differences can "be correlated with the effective winds. Barometric 
pressure effects were computed following the method on p. 229 (Appendix 
II) for Lake Erie (1950-59) and Lake Ontario (19^8-55); the results of 
which are given in Tables 68 and 69 (Appendix II, pp. 231-232). 

The wind slopes (pet-up) which remained after the barometric pres- 
sure effects were removed from the gage differences were then correlated 
and regression lines determined for each of the 13 directions listed in 
Fig. 8. The regression lines and correlation coefficients were calcu- 
lated by standard formulas (Wallis and Roberts, 1956, pp. 53^-535; 
Goedicke, 1953; P- 163). The regression line formula 

y = a+bxory = bx + a (10) 

was used, 
where : 

a = intercept 



b = 



x = 



slope 

V 2 = effective velocity squared 



y = gage difference 



and where 



b = 



a 



(€x)(ey) 
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Correlation coefficients were computed "by means of the formula 



a x xy - .x u y 

r = m — = sL - 



°y (Vsa~- 3?)(n/F -'¥) 



where : 



m = slope 






The results of the computation of correlation coefficients and re- 
gression lines using a linear relationship for effective winds and vector 
winds (13 directions) are given in Table 70 (Appendix II, p. 233). Six 
selected correlation coefficients and their effective wind speeds com- 
puted by the cosine method are given in Table 71 (Appendix II, p. 25k). 
A summary of the effective wind directions considered as the 100 per 
cent effective wind, together with their correlation coefficients, is 
given below. After a direction was selected as the 100 per cent effec- 
tive direction, summer mean monthly vector winds for 1950-1959 were con- 
verted to effective winds using the selected direction as the direction 
of the 100 per cent effective wind; these effective wind velocities were 
squared and correlated with observed.se t -up.. This procedure was fol- 
lowed for 13 directions (from a direction parallel to the Toledo-Buffalo 
axis to a direction ky to the right of the Toledo-Buffalo axis); the pur- 
pose was to determine the 100 per cent effective wind direction which 
would correlate most closely with the observed -set-ups (corrected for bar- 
ometric pressure effect). 



The fact that a correlation coefficient of O.76 for ten pairs of 
observations has less than a 1 per cent chance of arising accidentally 
(Herdan, i960, p. l66) points out the significance of the following 
correlation figures where 11 of the 13 coefficients were considerably 
greater than 0.?6. 
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The correlation coefficients computed from plots of effective winds 
considered as cosine functions of the vector winds and gage differences 
ranges from O.89 to 0-9^; there is little change in the value of the co- 
efficients whether the wind is blowing along the direction of the Toledo- 
Buffalo axis or from a direction k3° to the right of the axis. In this 
case, it would appear that there is no definite 100 per cent effective- 
ness direction within at least V5 of the Toledo -Buffalo axis. On the 
other hand, the correlation coefficients resulting from effective winds 
assumed to have a linear relationship with vector winds shows the corre- 



lation coefficients increasing to a maximum (the 100 per cent effective 
direction), then decreasing in value as the 100 per cent effective di- 
rection is passed. 

The progressive increase in the correlation coefficient (r) from 
0.84 when the wind is blowing along the Toledo -Buffalo axis direction 
to O.98 when the wind is from 2J° to the right of the axis, followed "by 
a decrease in the value of r as the deviation angle exceeds 23 , sug- 
gests very strongly that the wind slope in Lake Erie occurs about 23° 
to the right of the wind, and, therefore, that the wind-drift surface 
current also flows about 23° to the right of the wind. 

The very high correlation coefficients (up to O.98) were unexpected 
in light of the errors discussed in pp. 68-76, as well as to the fact 
that wind velocities were determined at only two weather stations (Toledo 
and Buffalo). The only obvious solution seems to be that compensating 
errors have occurred and that vector wind velocities at Toledo and 
Buffalo (when converted with Hunt's ratios) are representative samples 
of the winds which blow over Lake Erie. 

The very close correlation between effective wind velocities and 
corrected gage differences leaves little doubt that the observed gage 
differences are actually wind slopes (net set-up), and consequently are 
not measures of crustal movement. The correlation also brings out the 
fact that the greater part of the error in modern lake-level records 
for Lake Erie, and probably for the other Great Lakes as well, is due to 
meteorological effects. 



li*6 



Lake Erie "Hindcast" 

A M hindcast n of calculated gage differences for 1950-59 was pre- 
pared in an effort to test the validity of the assumption that the ob- 
served gage differences are due to wind slope and "barometric pressure 
effect. The wind slope was calculated from the regression line for 
winds from 23° to the right of the Toledo -Buffalo axis (wind slope = 
1.250 x 10 v - O.25J+3) and barometric pressure effects were taken 
from Table 68 (Appendix II, p. 231) . The results of these calculations 
are given in Table 6 (Appendix II, p. 179) and are compared graphically 
with observed gage differences in Fig. 9« [Note: Ttie calculations 
were carried to three or four decimal places before the final rounding- 
off to two places in order to reduce the rounding-off error. ] 



Gage Difference 

(Feet) 1 , 




1950 1951 



1952 



1953 1954 1955 1956 1957 1958 1959 



Fig. 9. Lake Erie "hindcast" set-up compared with 
observed gage differences for the summer seasons 
of 1950-59. Hindcast set-up = calculated wind 
slope + barometric pressure effect. 
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The comparison of observed gage differences and predicted set-up in 
Fig. 9 aids in emphasizing the fact that the observed gage differences 
are due almost wholly to meteorological effects, that the summer season 
mean lake surface is not level, and that uncorrected gage differences 
cannot be used in the calculation of rates of crustal movement. 

Present Status of Great Lakes Rates of Uplift 

The correlation studies of wind velocities and gage differences to- 
gether with information derived from the isobases of former shoreline 
features permits a resume to be made of the validity of rates of crustal 
movement in the Great Lakes region which have been calculated up to the 
present time. 

Postglacial uplift around Lake Erie ceased several thousands of 
years ago, and the quantities called "rates of crustal movement" are 
chiefly meteorological effects. Therefore all post-Nipissing rates of 
uplift for this lake are erroneous. 

All of the gage pairs on Lakes Michigan and Huron are either in 
the area of horizontality, or have one gage of the pair in the area of 
horizontality. For this reason all previously determined rates of up- 
lift for these lakes are not valid. Future determinations of possible 
uplift on Lake Michigan and Lake Huron must be determined from gage pairs 
which meet the requirements listed on page 122,and corrected gage records 
must be used for the determinations of uplift. 



Gage differences, therefore calculated rates of uplift, from gage 

pairs. north of the area of horizontal! ty on Lake Ontario are probably, 

i 

for the most part, the result of meteorological effects; however, lack 
of data prevents a proper correlation study of wind velocity and gage 
differences from being made. When the necessary wind information and 
lake-level information becomes available, it will be possible to deter- 
mine whether gage differences represent net se.t-up., uplift, or a combi- 
nation of the two factors. 

Most of Lake Superior lies to the north of the Nipissing zero iso- 
base,' therefore it is possible that postglacial uplift is occurring 
around Lake Superior. Although uplift may be taking place around Lake 
Superior, the present gage sites are so located that it is impossible 
to determine whether gage differences are caused by uplift, wind slope, 
or some other factor. In the future, if the necessary meteorological 
stations and lake-level gages are established, : it should be possible 
to separate gage differences into their component parts and to determine 
if one component represents postglacial crustal movement. 

Before accurate rates of postglacial uplift can be measured in 
those areas where it may exist, it will be necessary to revise present 
procedures for obtaining lake -level gage differences so as to eliminate, 
or compensate for, the influences and errors which have been discussed 
in the preceding pages. If the essential meteorological and lake-level 
data become available, and if the necessary precautions are taken and 
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corrections made", then it will "be possible to determine whether or not 
postglacial crustal movement exists in the Great Lakes region. In 
addition, if uplift is now taking place in this region, accurate measure- 
ments of its rate may "be made. 



VI. CONCLUSIONS 

1. Up to the present the only accurate rates of postglacial crustal 
movement in the Great Lakes region are those based on the elevations of 
former shoreline features of late glacial and postglacial lakes Such 
rates are derived from the differences in elevation between the zero 
isobases and the isobases of maximum deformation — differences which are 
measured in tens or hundreds of feet and which result from thousands of 
years of differential warping. 

The magnitude of these quantities is great enough for elevations 
determined by ordinary methods of spirit leveling to give accurate rates 
of crustal movement <> 

Rates of uplift calculated from isobases of former shorelines are 
to be contrasted with modern rates of uplift for the Great Lakes region 
determined from water-level gage records taken over periods of tens of 
years o In addition, the differences in elevation of the gages are meas- 
ured in hundredths of a foot, tenths of a foot and, in some cases, in 
feet. 

2. Modern land uplift due to postglacial isostatic rebound can 
occur only to the northeast of the Nipissing zero isobase, i.e., north- 
east of the Nipissing area of horizontality. Because postglacial crustal 
movement cannot occur in the Nipissing area of horizontality all rates of 
uplift on Lake Erie are invalid; furthermore, in the other Great Lakes 
all rates of uplift which are based on pairs of gages in which one gage 
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of the pair is south of the Nipissing zero iso"base are also invalid. 

3. Owing to a number of reasons (including the failure to consider 
the rise of mean sea level at the tide gage in New York City; mistaking 
the changes of elevation of bench mark Gristmill at Rensselaer, New York, 
which were caused by better determinations of sea level and adjustments 
of the precise leveling net for actual uplift; the inclusion of errors 
which have been discussed in this paper, etc.) the only determination of 
absolute rates of uplift by precise leveling in the Great Lakes region 
is valueless. 

k. The choice of the tide gage at Father Point, Quebec, as the 
initial point for the precise leveling establishing the new International 
Great Lakes Datum was a dubious one. The Father Point tide gage is only 
about 400 miles from the former Laurentide ice divide; thus it is within 
the area of uplift. The gage is at the narrow end of the converging 
shores of the Gulf of St. Lawrence and the estuary of the St. Lawrence 
River. This situation increases the influence of meteorological effects. 
These factors (if corrections are not made) would prevent precise lev- 
elings made a number of years apart from being compared to the same datum. 

5- Water-level gage records furnishing the basic data for water- 
leveling and modern rates of crustal movement contain errors which reduce 
the accuracy of elevations in the Great Lakes region, and which render 
valueless previously determined rates of crustal movement. The errors 
include those caused by meteorological effects, gage location effects, 
instrument error, and operator error. Early gage records of the Great 
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Lakes (up to about 1920) contained a greater proportion of instrument"' 
and operator error than error due to meteorologicaQ. effects; gage records 
since that time , however, have an increased proportion of error due to 
meteorological effect owing to the reduction of operator and instrument 
error . 

6. The influence of the disturbing factors must he removed or 
rendered insignificant if gage readings are to be an ■ accurate repre- 
sentation of the actual elevation of the lake surface, or if the records 
are to be used in the determination of uplift. 

Reduction in the size of errors due to meteorological effects, as 
well as to the effects of gage location, can be brought about by removing 
the water-level gages from their present locations near population cen- 
ters and shallow water, and relocating them at sites in deep water away 
from harbors, bays, rivers, inlets, and areas of man-made changes in the 
configuration of the shoreline and underwater topography. 

7. The assumption that the summer mean lake surface is level (the 
assumption which underlies the practice of water- leveling and the cal- 
culation of modern rates of postglacial crustal movement) is shown to be 
incorrect by the calculation of vector winds from Lake Erie and Lake 
Ontario for the summer months (June, July, August and September) of the 
years 1950-59 (Lake Erie) and 19^8-55 (Lake Ontario). These determinations 
reveal a net vector wind from the southwest quadrant — a net vector wind 
which causes a net set-up between water level gages located at opposite 
ends of the lakes. The set-up is expressed as a tilt in the lake surface 
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upward to the northeast. 

8. Rates of crustal movement calculated from "best -fit curves of 
gage differences versus time represent, in the large part, the average 
net set-up between the gages of each pair for the time period plotted. 
This is demonstrated by the correlation of effective wind velocities 
on Lake Erie for the summer months of 1950-59 with gage differences of 
water-level gages at Toledo, Ohio, and Buffalo, New York. The corre- 
lation coefficient, r, was O.98 with a 100 per cent effective wind 
direction from 23° to the right of the Toledo -Buffalo axis. 

9. Definitive correlation studies of wind velocities and gage 
differences necessary for the determination of the existence, or of 
the rates, of uplift cannot be made for Lakes Ontario, Huron, and 
Superior until extensive wind, barometric pressure, and lake -level data 
become available for the eastern end of Lake Ontario and the northern 
and northeastern shores of Lake Huron and Lake Superior. When the nec- 
essary data are available, it will be possible to determine whether gage 
differences represent net setup, uplift, or a combination of these factors . 

10. Ekman's classic theory of ocean currents, which represents 
conclusions deduced from a mathematical model of ocean currents incor- 
porating many simplifying assumptions, should be re-examined and modified 
on the basis of empirical observations. This recommendation is supported 
by an analysis of Nansen's original observations (the basis for Ekman's 
theory) which revealed wide discrepancies between the observations and 
the results of Ekman T s theory • 
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11. The correlation study of water-level gage differences and ef- 
fective winds on Lake Erie presents an excellent, opportunity to test 
Ekman T s assumption that the direction of the water- surface slope is al- 
ways in the direction of the wind, and provides a new technique for de- 
termining the angle "between the direction of water -surface slope and 
wind direction. 

12. The Lake Erie correlation study (effective winds [computed as 
linear functions of vector winds] vs. gage differences corrected for bar- 
ometric pressure effect) indicated that the observed water-surface slope 
was caused by effective winds whose 100 per cent effective wind was from 
23° to the right of the Toledo -Buffalo axis. 

13. As the wind slope is caused by the wind-drift current, and as 
the wind slope is caused by wind blowing from about 23° to the right of 
the slope direction; then the wind-drift current is also caused by a 
wind blowing from about 23° to the right; or, expressed another way, the 
surface wind-drift current on Lake Erie will be directed about 23° to 
the right of the wind. 

14. The thermocline established during the summer months probably 
acts as a temporary bottom. Therefore, if the thermocline acts as a 
quasi -bottom, and since the depth to the thermocline is approximately the 
same in all of the Great Lakes; then the angle of deviation of surface 
currents from wind direction for Lake Erie (23° to the right of the wind), 
should also be representative of the angle of deviation for the other 
Great Lakes. 
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APPENDIX I 

Photostat of 

Report upon 
Ufae Primary Tri angulation 

of the 
United States Lake Survey 
(Comstock, C. B., 1882, p. 595) 



showing fundamental assumption underlying "water- 
leveling and the determination of rates of uplift 
on the Great Lakes. 
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CHAPTER XXII. 

ELEVATIONS OF THE GREAT LAKES. 

§ 1. The elevations of the Great Lakes above mean tide sea-level, as determined by the Lake 
Survey, depend upon two distinct processes, viz., that of spirit-level measurements and that of 
water-level measuremen ts. 

By the first process, starting from a bench-mark of known height above sea-level at Greenbush, 
New York, the elevation of a bench mark at Oswego, New York, near the east end of Lake Ontario, 
was found. In like manner the differences in elevation of bench-marks at the following pairs of 
points were determined: Port Dalhousie, Ontario, near the west end of Lake Ontario, and Port 
Colborne, Ontario, near the east end of Lake Erie: Rockwood, Michigan, near the west end of 
Lake Erie, and Lakeport, Michigan, near the south end of Lake Huron; Escanaba, Michigan, near 
the north end of Green P>ay,* and Marquette, Michigan, on the south shore of Lake Superior. 

Hy the second process, depending on the assumption that the mean surface of each lake is 
level, the relative heights of the pairs of bench-marks for the respective lakes were determined. 
For this purpose water-gauges were fixed near these bench-marks, and tri-daily observations of 
tine height of the water-surface at each gauge were made during the months of May, June, July, 
and August, 1875, this series of observations being taken as of sufficient extent to give a reliable 
mean. Assuming, then, that the mean surface of each lake for this period of about four months 
was level, the differences of the gauge readings gave the relative heights of the zero-points of the 
two gauges on each lake, and as these zero-points were carefully referred to the corresponding 
bench-marks, the relative heights of these bench-marks were also known. 

As the surfaces of the lakes vary considerably in elevation from year to year, their mean eleva- 
tions can only be found by observations extending over a series of years. Such observations, con- 
sisting of tri-daily gauge-readings, have been made on Lake Ontario at Charlotte and Sacket's 
Harbor, N. Y.; on Lake Erie at Cleveland, Ohio, and Erie, Pa.; on Lake Huron at Port Austin, 
Mich.; on Lake Michigan at Milwaukee, Wis.; and on Lake Superior at Marquette, Mich. By 
comparing the observations made at Oswego in 1875 with those made during the same time at 
Charlotte, the elevation of the bench-mark at the latter place, to which the surface of Lake Ontario 
has been referred, becomes known, and thus also the mean elevation of Lake Ontario for the period 
covered by the observations at Charlotte. Similarly the mean elevation of Lake Erie has been 
derived from the observations made at Cleveland, the mean elevation of Lakes Huron and Mich- 
igan from the observations made at Milwaukee, and the mean elevation .of Lake Superior from the 
observations made at Marquette. 

The methods used and the results derived thereby, of which the foregoing is a brief outline, will 
now be given somewhat in detail. 

LEVELING BY MEANS OF THE SPIRIT-LEVEL. 

§ 2 # For this work two parties were detailed, Assistant F. \V. Lehnartz having charge of the 
first, and Assistant L. L. Wheeler of the second. During the year 1875 the lines from Greenbush 
to Oswego, and from Port Dalhousie to Port Colborne were leveled in duplicate, and a single line 
of levels was run from Gibraltar, near Hock wood, Mich., to Lakeport. The instruments used 
during this year were Stackpole level No. 14110, 11 inches focal length, object-glass 1\ inches in 

•For reasons given iu the sequel it is assumed that Lakes Huron and Michigan and (ireen Bay have the same altitude. 



APPENDIX II 

Table of "hindcast" for Lake Erie. 

Tables of Lake Erie vector wind velocities - 1950-59. 

Tables of Lake Ontario vector wind velocities - 19^8-55. 

Tables of Lake Superior vector wind velocities - 1950-59. 

Table of Lake Erie over-water effective wind velocities (linear). 

Procedure for computing barometric pressure effect. 

Table of Lake Erie barometric pressure effects - 1950-59. 

Table of Lake Ontario barometric pressure effects - 19^-8-55. 

Table of Lake Erie gage differences vs. effective wind velocity squared 
(linear function). 

Table of Lake Erie gage differences vs. effective wind velocity squared 
(cosine function). 



VO 





<d 









> 




m 




CD 




CQ 


cq 


rO 


CD 


O 


o 









CD 




H 




CD 




<+H 




<+H 




•H 




P 


T* 




CD 


CD 


-P 


bO 


03 


03 


rH 


o 


2 




O 




rH 




03 




o 


o 


•H CD 


m m -P 
-P 2 O 


CD CQ CD 


^ W Ch 


O CD Ch 


h h W 


03 Ph 


PQ 


*d CD 


CD ft 


-P O 


o5 H 


H CO 


2 


O *d 


H Si 


o3 -H 


O rs: 




OJ 


CD >> > 


> -P ^ 


•H -H 


-P O t3 


a o (D 


(U H Jh 


ch CD 03 


<+h > d 


H o^ 


CO 




& 




& 




a 


!>> 




-P 




•H 




O 




o 




H 




CD . 




> 




^S 


a 


Si 


O 


•H 


M 


> 


P4 


M 


03 


CD 


>H 





-^ Lf\ (X) O 0J 0J 

H O O rH O OJ 

o o o o o o 

I I I I I 1 



179 



H OJ K> 0J 

O O O H 

o • « ♦ 

o o o o 

+ 1 + 1 



J; NC0C0 H ONO K>4 H 
HOOOOHOOOH 

oodocdoddd 
i i i i j i i + i 

It II II li II II II II II II 

l^cO tr — -=±- K^j- kn kn kn..^- 

K>MD M^rlO\o K>J- H 
•-(OOOOrHOOOiH 



O O O O O 
l I I 1 I 



??? 



o 

I 



LOv 



o 

+ 



l>- ON OJ 

o o o 
o o o 



o 

I 



o 

+ 



o 

H 

o 

d 

+ 



o 
o 

o 
I 



KN ON Lf\ 
O H H 

o o o 

» e • 

o o o 
+ I + 



Q rH ON VO IA J- Jt VO OJ ON 
LT\ VO VO t>-0JC0 O IAVO OJ 
■HOOOOrHoOOrH 

oooooooooo 
■ I I I I I I I + I 



g o o o 

JJ) J- o\ aj R^S f 1 ^ kS 6 

co m^-4-oo lt\o t— m o 

H H rl rl OJ H W rl 



o o o o o o 
o o o o o o 



£r cq vo it\oj-4- oj on ltn on 
i sr ^ifNLr\irN.irAKNmir\i>-ir\ 



co 



ts Js ^ 

CO CO CO 



rs co ^ 

CO ^S CO 



o o o 

LT\ LTN IT\ 

°o • o • o • o o o 

ff>-d- ^t KN ltn t*- [>- rc\ o l>- 

w cu H ai K>ai ai ia^ k^ 
ojojojojojojojojcvjoj 



O H (M ^J- i^vo NCO Q\ 
0>ONO\ONONONONONONON 

rHrHrHt-lrHrHrHrHrHrH 







ON 






Si 




• 


m 






•H 




•■ — s 


g 




H 






KN 


H 




O 


•d 




-d/ 


in 




ch 


CD 




L^ 


ON 






•d 




0J 


rH 




CQ 


^J 










nd 


rH 




o 


S 




Si 


o 






O 




•H 


si 




1 


H 




> 


•H 






ch 








0J 






q 


-P 




> 


CQ 




-d 


Q 






^ 




CD 


Si 


LT\ 


si 




rH 






1 


•H 


• 


O 


CD 




o 


> 


^— >. 


FH 


M 




rH 




CD 




CD 






CD 


H 


H 


t5 




X 


Jl] 


r9 


CD 








•rj 


^s 


rQ 


CQ 




O 


h> 


O 


6 


CD 




ir\ 




*d 


O 




OJ 


O 




+> 


Si 




• 


rH 


T5 


ft 


CD 




rH 


03 





CD 


H 






ch 


+> 


CO 


CD 


o 


II 


S 


^1 




ch 


-p 




bo 


CD 


ch 


O 


CD 


PQ 


•H 


rCl 


•H 


CD 


ft 




^ 


-P 


-d 


<h 


o 


■d 


> 






ch 


rH 


si 




9 


CD 


CD 


CQ 


o3 


CQ 


bD 











•H 


03 


CD 


■d 


Q 


a 


tlO 


bD 


& 


a 


*d 


si 


03 




•H 


CD 


CD 


M 


nd 


CQ 


J5 


rH 


M 


P 


CD 


CQ 




O 


CD 


> 


1> 


CD 




EH 


ch 


03 


H 


H 


CD 




ch 




CD 


ft 


Si 


ch 


•h 


>» 


CQ 




•H 


O 


*d 


rQ 


rQ 


O 


H 








O 


•H 




CD 


CD 


-d 




H 


Si 


bo 


w 


CD 


> 


-P 


o 


a3 


03 


-p 


O 


^ 


•H 


H 


bD 


o3 


rH 


3 


CQ 


CD 




H 




o 


CQ 


> 


Ti 


•H 


.a 


H 


CD 


03 


CD 


+> 


-p 


03 


H 




t> 


CQ 


•H 


rQ 


bO 


Si 


rH 


CD 


> 




CD 


03 


CD 






+ 


H 




CQ 


O 


CQ 






^ 


<& 


^d 


H 


CD 


o 


O 


o 


CD 


03 


CH 


KN 


H 




rH 


CU 


o 


CVJ 


ch 


> 


O 


>> 


H 






O 


EH 




CQ 


3 


■d 


rH 




CD 




o 


CD 




H 


& 


*d 


H 


-P 


A 


O 


-P 


Si 


ch 


o3 


■P 


ch 




•H 




ri 


•H 






£ 


-d 


•H 


> 


tJ 


CO 




CD 


-P 




Si 


ITN 


II 


-P 


CQ 


CQ 


•H 






2 


CD 


H 


> 


*d 


CD 


& 




03 




si 


O 


a 


■d 


CD 


h- 


03 


Si 


o 


si 


>^ m 




CD 


o 


•H 




ON 


»\ • N 


H 




> 


3 


rH 


VO CD 


CD 


CD 




O 




ir\ bo 


ch 


ft O 


M 


rH 


03 


ch 


o 


IT\ 


ch 


CD 


•N U 


•H 


H 


ON 




rO 


-4- CD 


T* 


CQ 


H 


CQ 


S 


ir\ {> 








■d 


CD 


1 03 


CD 


rd 


CD 


a 


+> 


rH 


w 


£ 


jlj 


•H 


ft 


IT\ CD 


03 


•H 


rj 


> 


CD 


ON rC 


O 


^ 


h> 




CO 


H +> 


^-^ 


^_^ 


^_^ 




^_^ 




rH 


OJ 


KN 




-d- 




^"^ 


^"^ 


v — ^ 




v — ' 




CQ 












CD 












+> 












o 












£• 













180 



0> 



o 



% 






8 



H 



, 33 w 339:l!3 ON ' A ^ t *£ 1< 3 S^^SS 00 ;^^^ 000 ^ 



to o 






W H 



as gc § 8 S 

cQ ra CQ CQ CQ CQ 






is is &= £ a a 



^^^^^g^^g^c.^^^H^^ocuo^voajcvj^^oovoH^g 






gH s w a=ra is is ra 






saw 



is 5s Js ge S 3s; 



r-jONH C5 l>-VO l>-OOVD K>CU^00 H CO -=J- -4" t>--^00 OJ IAN t- IA 00 J- 1A VO ^t 
ggr-jlOVOlACyOlvOJ-lA^-VO-lAJ-lAt-QVOji-irvOOOOCVlJ-OOCOiat-H 

Oj^j^-vo^vocvij-vo^cvioOGjj- t^Lntfjvo^-ojgrOit^cot^-roiAj-i^-oovo 
|j £ j| £ 1 £ S3 g § g g &q IS g Js i Gq&q &s S Js g Ssfeg 

SS^^S 00 ^^;!) 4 ^^ ^ONgvoHgHg^oo woo wcoooo 

S I £ ^ I ?= S E3 g|g g§ g H g ^ g g H g g ^ & ^ 



oj ^-* iavo t-co onq h cj K>-d; in vq t>- co. o> o hoj io^ tr\ vo c- co o\ o h 

HHHHHHHHHHOJCJCViOJOJOJOJOJOJOJKSfA 



OJ VO 
(A O 
OJ 






85 



H 00 



00 



fc 




o 




-p 




o 


■p 


<l) 


a 


> 


a? 




-p 


* 


3 


43 


ra 


■p 


<i) 


a 


« 



CO 
OJ 



iS 



S 






S 



a 



l8l 



ON 



8 



13 



CQ 

CO H 



OS 



H' 



flrl rlHHWWrlH HrlH rHOJHH ri kS H r4 



J-COCOCVI-d-l^OOo^t-t-COJ- O^O0NO0N^0Wr|\OC0V000O^4OC0 

r ^' H H rl rl H OJ rH H H rH 



CQ §f 3j CQ CQ S § W 8 ^ B S § a fe S I f£| 5 W CQ 



W Js ts ^ W 



DO lf\ 

cvi 



CQ JS 



& 



pq J? ^ Be «J 



ss 

IS CQ 



1 o§ S CQ 1 pq cq 



moHOJt-OOOJoOJ^HOO C04-OCOaiK\OCVIO^-lf\lAONj-0^-01H 



!* > 



CQ S^sSSSSg 



pqtSjsgjsJSjSoawSwrarajsSwCQ 



4VO O OC04C0 t-O\lf\C0 CI ON if\CVJC~-0\O-=t-O0\V0C0 0\HK\C0C0C0O 



r-1 U H 



SI 



si 



__ „ ._ ^ ^ g S &5 £ !§ iHCQg§^SHM fe H CQ CQ & CQ 

D3H^§g|il(ilHlSagHa gcQCQWCQCQCQgCQ^CQgCQ^CQtS^ 



rllfNVOaiJ-HOM^VOWJ-OI^OOOOt-VOJ-voo^rlON^OaiOClOW^- 



SI 



I! H SI (1 WpgcS CQ ^ CQ CQ CQ £: CQ ^ CQ CQ & £2 § W CQ gi 

SggglHl^g^lilCQra CQ CQ CQ^^CQJSCQCQCQJSCQCQgCQ^tsgCQ 



0\ tf\ Lf\ b- CVI J- lf\MDJ-_d--d- LfNKN VOCOMDMD OVO 4 4 t^ -* IT\ J- ITNVO OJ OJ VO 



|25 CQ 



CQ |X 



IS g& 



{X CQ 



1 CO* c§ CQ &q CQ 
SgpiqcQCQpiqpqcQcQ 



83 

OJ OJ 



s 



£ 



rev 1A 

OJ 



g 



O A 

■P 

,55 ,9, 



ON VO t- J- t— IT\ CO OJ b- KN t>- VO VO ITNOJVO H HCO VO J* VOVO K\ KN VO CO VO -=t" i-l t— 
i — l i — I *~~i i — I i — i 

^ S >fefeCQCQCQCQH_H§ §gS|iwSHCQ^Swi'l St 

j5tSD]taggtQM^CQg|2ig H^Scg^5:^CQCQg|x1CQCQlsg(xlCQCQ 



OSJ-VOVO LT^CVI W OVO 0MTM-\0 KNH-*VOVOCOOJVO-=!-irN0Jt-00lf>irNlfNVO 

W § I ^ 1 S I § S 1 SpqcQ^CQ^^gCQ feWCQCQfe: CQ 

CQpq^ggpqWH^gglxlS gCQCQPtlCQCQCQSCQ^CQgCQjS. CQ^^S 



W(f\J-IAV0t-000NOHWlOJ-IA\0^ca0NOHGJlA4-^V0t-000NOrJ 
rHHHHHHHHHHOJOJCVJOJOJOJCVJOJOJOJKNKN 



OJ 



£3 



rl 
O 
-P 

11 



182 



1 



I 



H 



jjr-jKjt-vocy^voiAcu^-voiAvqirNvgvo^- no KMnou) vo iavo^o o\ o 

•~i rHHi-lriHHi-IHH HrH 



lA42^^N^wo^H^gKJ^vOcOCOVOVO^(A^\OWaiH^ 



H t» 



Isg 



8£ 



CQJsggwHHtdpqcQpiqcQ 



3 3 |3: S S b ra S ►» 
vocx)cx)g^HvoHiA<»oo^a\voif\ooo\^(^ootAHvoir>vo-d-ooHho k o 

"-ir-lrlr-li-t H ,-JHHH H CM 



^OlrjrjK^VOirMAOOCVI^t-^VOOO^J- tfMf\^gvO-*OICM^-C0CVIt-O\ 
^^(^COONONVOgasHC^ONCOCVjCVjhOk^-vOcOOOJOOrOVD lAONCVItAVOCOVO 



W CQ CQ JX H Jxl CQ 



vohoooNj-ovooHvgco&icom^oo 



co c\J co t>- cviqifN^^i-^j-t-oi^cx) 

H H H H H t-\ r-i 



CO t- 

oj m 

CVJ 



Ri 



«8 

OJ OJ 



iS 



CVJ K\ 
CVJ 



8 



& 






H CVJ rA-=f- IAVO t-CO'ONQH CVJ rr\-4- IAVO t-COONO H CVJ ^J- if\ V£> t>- CO ON O 

HHHHHHHHHrHCVJCVJCVJOJCVICVJCVJCVlCVJCVJfOkm 



8 

-p 

O -P 
> CO 

■P <L> 



5h 

o 
-p 
o 

i* 



183 






o 



o 



% 



p 



I 



05CQCQW^aDg!S!03piqc0^^W>5wCQCQ'gg^CQCQCQ|3Eg!3:ca> 



^oj^iTN^rOkVooNinvoMDo^t-ooojirNifNHCviairooj^vor-i^-cvJCvjirN 

r— IHHH H H HrHH HHr-l 



W § P£J CQ 






i M H § S sssss 



(M CO ON C-CO q -J; ,K) 4; vo VO VO in IT\ H K} r-\ tA ^ qj if\cvj ir\^ m co co co vo .3- ir\ 



^§S I CQ ^> 



S ra u I i I § 



13 £s H § 
w ra a h 



r|t-vooiqvocoo\o\o\cyvoqojt-H^wo i^cooooo rococo iao iaj- 



S S & CQ 

CQ CQ CQ JS 






W CQ g g 03 CO 



H M M H CQ g tQ 



lA rr 

CVJ CJ 



jdr to 
fr- IT 
OJ 



CM 






0- 



OJ 
CVJ 



ITNfA^tcO t-lAr-j OJ OJ 1AO\0 CVJ OJ 1AVD VO00 CO cO O VO 4 CO CO J- CO t~ O ,-=h 

St &'S ^ H §> § _ H ^caSScScQcQ§§M cq cq «g to 

ECQCQStStQ5feMWCQls5*S|sS@CQ-m S§§LQCQCqS!§S 



^^[sco > 



OJ CM ON ON CO CO -4" MD O -4" -=J- VO -4" ITWO t>- 00 KN IA H cvl H CVJ i-H OJ -4" I>--4- t- t~ IA 

aiajVOJ-lAHCOCOOVj-J-J-rAtah-COHCOGl OJC^CVJMDO\l>-rjir\ir\OCOKN 

_^_(xlCQtQCQ§^ CO^IxJC^SS^ t* •* U *2 Ed !s I ^ !3 m I 

qvoiAHcqvot-cococoai^ONqvoovoaico Hcor>-i>--ojvoco-4-coir\N-\ 

»-> rH rH ■ — I ■ — I h HH 

i^ra to ^COH CQ&q&q 0§!sScQSSS^c3cQ!3:ScQ[a , 5E 

ggcQcocQjsgcQtswHmggpqraigS ra5§i§co§Hw|co 



£ .2 



H evj ro.d- mvo i>-co on 



3HOJlA4>mvOf-COO\OHCJiA4 1AVOh"COONO 
HHHHHHHHrHOJCVIOJOJCVJCVJCVICVJOJCVItAl 



I 

O -P 

<u PS 

> $ 



u 
o 
-p 
o 



184 






o 

a 

o 

a 



n 



d H 



is 



1 



■P 

* 

> 
O 

5 



-P 
ft 
<D 

CQ 



■a 



53 



*9 

II 



^8a ffl S l ' N 9dSa3 , ™sia NOVO d8di&9 0, 9»»3 vo a9 



|X 03 






88 SS jg 

CO Jas > CQ CQ CQ CQ 



ooooa\gaivovoifM-ir\t--4;^qcx) j-K)Hcqvoo(Mo\4oot-^ovoco 

<-* r-i r-i HCVJi-l rH ^ r-\ ,-{ H rH rH H H H H rH 



CQ CQ CO CO 
JS CQ ^ JX 



CQ > »S 



g^CQJS pqMCQ>Slx]|xlCQCQCQg@S 



t* » 



cq in.cn rnoNg^invor-jini>-ootnq t--=fo\Ho^voir\Hir\ir\o\vob-trvvo 

r-t r-i r-i r-i r-i r-{ r-i r-i HHHr- 4 



_ H § 1 § & 

Is ra pq g g S 



WHilgslilggglgllllgl^ll 



og^-co g in co -3- co vo t^-^-t^rnr-b-vo-d- H-d-co H-=fcovo m H .d- co ,3- co 

rH rH rH rH H HH H H rH 

CQjSlxJ^^ESCQCQtS'SHCQpqCQCQ dSSwWCQlsfetSBlgBglsg 



^C^COinHK^^-I^COgCMCM^VO^^I^-^I^VOCMW 
tSCQ^KCQfxICQ^ipqjsSCQCQIxIlxl ^CQCQ^^J^SScQ^cISCQCQCQCQ 



tf\ir\ojvoco-d-_d- ia-* goo on cvi t— in cm oo i>- h -3- vo t— vo on vo vo -=j- cm vo o 



CQ CQ CQ CQ 
IS CQ JS tS 



gCQ^JS^gtSCQJS PqWCQ^gHWCQCQCQ§@M 



H H J* *3 



HKNrjCVJCVJVDOJrOi^tt^^gifNCOVO J- IAVO t-vo OO IAH ^ff\\044 K\J- 

rH r— 1 rH rH ■ — I i — ] 

Hraferasgg|i|ggScQ!sscQ 



Si 

UWpq 



W H S 03 BIS 



^oqt--ONKjt---si-i>-if\vovovocvjvovo voj-oj-voowt-voqoqt-j-t- 
&: § Eel SsscqcqIsS: . § II I I &cq ^^cqSS CQ 

CQ»S|xl*StsrSCQCQ>rS(xlCQfxJCQCQ CQWpqpqCQCQ^fe&3CQSSS|sS 



H CVI KN-tf invo t^CO ON 



9HWlA4-IAVO^CQONOHWlO4lAV0t-00gNQH L -P 
HrJHHHHHHHawWWOICVIWWWWKSlA^H 



tf\ in 
CM vo 

CM * 



® 



in 

CM rH 



KN CM 



vo in 

»2i 



g 









in 
in 



s 



-* 
J 



CM 



CM 



in 
rn 



-4- 

CM 



ON 

d 



& 



3l 



185 



as 



o 



s 

a 

8 
Si 



P 



EH 



H 



cvjoot-cvjrr\i>-oqgqcgcvjvov£>j- oit>-mooo\j-j-tA(M^oJ-a]oooN 

i-i 1-irHrHrHrH rH rl rl r-1 H HrHrHHHHH 

apqwisisBHwSi^pqSScQ^^B pqiiil&icQiSilll 
vooot-cvjojiAi>-ir\v£>ir\j-^cqMD aiiAHaicoj-vooooocovoooiAooj-t-GJ 

HrH H HHr-lHp-Jr-lr-li-lHH HHH 



cq to to 

fS > I* J* CQ 



SSgS^ jsspq 



*5 > 3 W g CQ 



CQ £s ts 



1—1 f - ' rH rH i—l r— I i— | r| r I 



t* S !* 



I I s w ra 



CQ Js 



s> bo 5 &b g h g coMisgHM^pqgrara 



3^33359 ^a^SS a^S^^^^&ad^d^^Sd 



§ § § s s s 

■ " 03 CQ H ft] H CQ |5 



W W CQ CQ' 
CQ CQ CO " 



W cq cq rs 



> 5 s a w w 



ess 



VO H 
OJ * 



o o 



ass 

CM 



IP 

d 



OJ 



00 

OJ 



00 IAVO d Ol lf\r-|VOVO rl00^4 0\ H -tf lO^ vo VO VO 0000 OJ t- O VO O\C0 Ol W 
M H H H H 

^H^ His [x] H Pj3 Pi! I? pq is 

Ip£,(x 1 i| 2 ;Js S p 1 £,cQCQljS[xlCQ!i8cQ^CQJsa W |!Ss!cq!Icq! 

j- i^^-cooo fA tr\ g ^ k\ on H oj o co ^t>-co ir\ on . m H ir\_=j- ir\ cvi iaonoco 

f-l rH rH rH ■ — I ■ — 1 .-I 



o 

OJ 



CQ CQ CO 
^ JS > tS CQ 



^Is^il^^^l^^cQ 1 pq Ihcq 



4iavO!f\^o^cooocoo\aj^o\oo|Ovot-ai K>voo-mrr\vot-t>--Lr\iAvo 



fe ^ W | § pq cq 
W |$ S !S ? CQ CQ JS 



s 



t-j-voooooHcovoaji--vocoj;gvDvovo^^cvi h J-co i^o t--d- k\co t- 

1-1 rH rH ,_| ,_| H 



o 

OJ 



pq ^ S H cq 

JS g pq CQ CQ CQ g 

BWCQCQCQCQCQHH 



CQ JS 



IwtQ 
pq cq CQ Js 



jsS&SsipqpqcQcQ 



II 



CVJ rOiJ- IAVO l>- CO 0\ O H OJ K\J- ir\ vo t- co, o\ o H OJ r^j- ir\vo c- co ON 
HHHHH HHHHHCVIGJCVIGJGJGJGJCVICVICVI 



Ri 



O -P 

> «j 






186 



Lf\ 



8 



8 



CQ 

1 

H O 



ONJ-CVIHOlA(Mlf\OinvOVO C0HC0O\O\C0^Ao(M00lOi(X)V0IAa\VO0N 

H r-l H H •-! H rl H rHHH H HHHHH HH H 

& § w I s s g ^ ^ ^ ^ fesra & co i cq § I 

HJ- HVD4- K> CO OJ VO lf\ OJ IA ^)4 O 1A O O VO 4 4 O W H ifN 0\ ON CO t>- H VO 

' r-l H H H HHHH HHHHr-lrHi-IH OJHH HrHHrHH 

gW H S S & 5= ^ CQ CQ Sw BS §CQCQ^ScQfeCQ^CQCQ 



rllf\^OOAOMAOHC04lf\ O-4-4-0\lAOCVIfa(MJ-4-OtAV00MA\0^O 
OJ H H .-I rHCVJCVJHH HHH rl H H .-j^rHrHH H 



co | g | § cq to cq ^ & £s s I to HHlto^feSSCO 



P£l p£| CQ 



OJOVOC—OOMDoOJ-t-Ot-CO -4-K\COOJLfNOOI>--d-Oi-lirNMD^O-=h-d-p^-00 



H H H H rH 



8 



SCO ^ CQ CQ ^ CQ M 03 H 3 CQCQ& g N ^ CQ 



lT\O\C0Ir^MDO\l>-K>vOO\-d--* CVIt-H^WIAJ-OOVOCOWOMAOOMAOVO 

H H. i-l H H H 



CQ Js CQ CQ CQ 



^ ^ £ feScQ £ CQ M!3cQ 



i—l H H i— I H rHr-iH 

gw H ll § ^ £= s ra ra toco cq §j ScqcqjsScq&cq&cqcq 



K} |Oi ON OJ CO IfNONhOkfOkOJ ON K\ t- 0\ ON VO CO VO b- OJ t^O\ON\O00 K> Lf\ OJ -=h OJ VO 
rH r-\ rl rl rl 






VO 00 
K> r- 
OJ 



8 



CM H 



S^ 



. Q 

OJ H 



OJ OJ 
tr-oo 
OJ 



OJ 



-3- 



B5 



OJ 



CO 1 U 1 I CQCQCQ&fefe &StQ HHWCQSl^feCQ 



pq H CQ 



oo\o-=i--=hio k -4-irsto k j'vo-=i-ir\ ^coio k HK^ino^vot>-CT\-d-_4-o\ir\ojirNi-i 



WWCQSSSCQ^ CQ^JscQpqSPiqcQ^^ 



^ g pq _ fe CQ 

CQtsgcQtSSCQCQ 



h oi ■** mvo t-eo on g r, oj 93 irjvg ^eg oj g h oj £ 3 £vo & ^ $ £ h 






El M 



vo 

OJ 



o 



-3- 

OJ 



I 

o 



187 



i 
o 

a 



LQ 

H 
B 

O 

a 






8 



s 



H O •> 

r^j tr\ -p H ^ 

O O <D -P •* H ifN 

S O M to h-plO\ 

« EH §) ON ft 



t-gcvjvg ooo o- ^ ^ j- ^ cvi -=h qoo t- j- ir\ h k> ,* ia o o\ ir\, cvi i>- o\ m -4- q 

i— l rH i— I CVI r-ir-1 t-\ irlH Hi— IHi— IrHrH H 



W CQ 



S 



IS 



§ ^ s m 63 fe 



I H 



^ a g pq h 






-* vo vp JOiOcvjONJO^; Qco q k> _=i- co kn oj vr> vo m vo oj o itnoo knmdco o- h oj 

H OJ OJ OJ H OJ H H H r-{ HHHiH H H Ol rl H H 



.K)cviJ-qi>-r-jcqif\q O) j- kn^hhcocvi(mco^(m^onvooiaocoh 

H H i-HiHHr-lH rl OJ W H H OJ H W CVI H Cvl HOJCVJ 



3-* 



o <2 

ONOO 
CVI 



j| | pq S 






S 



H 

.- O 
OJ CVI 



IS 



CVI 



s 



H O »v 

•d ^ K\ +> H ^ 

^ ti CO 

O O <D -P -v H IfN 

£5 O M co t— -h On 

JU EH §) ON Pi 

|h<; 



-d-voco q KNtfNi^ONONCvi cvioo rfNvo itnh kn jcn t- co ojcovovoo\i>--4-vo KNOJ O- 
\ K to "s il 3 Si i* hI ts h H S S S &a is 



IS 



°^ ^ ^ "h "5 ^^ [AONt>-iAf>-co cvi cvjco t- Q -* tAo r- oj ONiacvi kmt\ ir\ t-co 



IssiNsigeslBlllggii 



> & 



W cq 



•fc 



pq pq cq Js S 



CVJCO H CVI VO mt>-H ONt—OJ CM CO VO K\ l>- lf\ CO -* tT\0-=h-=f"VO O KNKNO-0-KN 

r 1 ,H HH HHHHHH HH 

SgggcClCQfe CQScJSPq^SScQCQ^ScQCQCQS S 

W^WWlHICQCQpcl CQCQCQtQCQCQS^CQCQtQiSScQCQ^S 






KN 
H 



H 



CVJ 

-4- 



<H 



h oi «.* ^vo t-co » g 3 oj £3 jrjvg 53 oj g h g hj^ jjjvg £$ $ £ . 



O 4* 






188 



a 



00 
ON 



s 
8 



§i 



H 

O 

a 






ce o 



gcx)tr\voir\Hcqqoo>o\corOki>-KN^t-vooMDrHO\LA cvjkni>-i>--ci-voocvj 

H HrlHWHrlOIrl H H CVJ CVJ H HCV1CVJHHRCV1 



ra ra ra ^ 

CO CO Js P3 CO 



to 8 to 

> Es co 



H 3 |5 M 



£§ 



S25 



oj ifN^-ooMDoqvqvoco kn ir\ q t- on vo t~ cvj oo\d o-d- vooo cvjonoj <M_=f-^vo 

H i-t «— 1 •— 1 i— i CVJ H H H H CM H H H H H H OJ CVJ 



W S S 



g^siiiigp.gii^iggi^igii^iig 



t>- i>- cvi i>-t--cvjcocvjONir\ojMDqif} rr\oq qdvqqjvo aiJ-cviJ-voHa\oto 

OJH rH H H HHHHH r-i t-^ i-i H CVJ H H H 



to !s CO Js tl ^ S 

JstocOCOtoCQISSCQIS 



3 



03 JS 



s|H n | r gsg-e5 g s s 

JSj3tSCQ|SpqfxICQ CO CO |S IS CO IS IS 



JS £s CO ts »* J* pq 



Q^^Q|0^o>^^^ooqcowqoK>J-cqo\K>q tacvit>-cvj-=i-KNKNir\ 

H HHHrHHOJHi-J rl H H H (M H rH H H H H OJ H H CVJ CVJ 

§S W £ _ EQ W S §8 •» ^SElcOfe&ScO^SS H S !S Si 

|2WWCQgSCQ!SCQ^^D]SsglsSH&&ScQ ScOtQIsgjSWlS 



r>- lt\ on q on kn cvj r>- kn cvi itn ltn co H ,=j-. k\ (A ra km> loi h^ t— -* t— lt\ on o t- — _=*- 

HHi-iHi-l HH H HH HH 



ScoS ^EffefeilicoScolsBo^il H 

D3CQj5Ii]CQggSgg^^CQSgW3!S0] 



8585 



iS 

CO 



t- kn on lt\ g cvi q knia^j- kn\o ir\ m o -* t— c— vo frwo on j- itncovo t- t— on ltn vo 

r-\ r-i r-i r-i H H HH 



t^-HHJ-HHLfNOOVOONHKNvoONCOHt— HOOJONKN HKNb-OJKNfOvCVJVOOO 
HHH HHH HH 

§ &: to £5 j| £ SgHH CoSh S I § § J5§ SxSEgS § 

!SCOCOCQCOCO^:gcOIsggSc0^^gcQ^Ihq|xJCQ CQfe^JsmSS^W 



t-- h q t>-co co cvjvq qq ir\ vo cu co vo k> oo knojvoco r- kni>-h-4- onco itnmd 

t-\ r-i r-{ t-\ r-\ r-i H H H rA rA H t-\ 



CO H CO 



WHralsD]|i^ra£5!2; 



C0£2£:3CqJ3cQK} SCOtSCO 

pq to S g co ScocQlsSfeKfe 



H OJ KN^f LfNMD t— CO ONOH OJ KNJ- IfNVOt— CQONO H CVJ KN-=J- tfN V£> i>-C0 ON O H 
HHHHHHHHHHOJCVJOJOJOJOJCVIOJOJOJtOKN 



3 


o 




VO 


CVI 


cvj 






*"-' 








s 




& 




Is 




E5 




^^ 






h- 


o 








lA 


r^ 




v>0 


-4- 

CVI 


8 






v — ' 








s 




R 




!» 




> 




^^ 






ON 











a) 


CVJ 




-^ 


KN 


IfN 






CVJ 


H 






*•— ' 








» 




» 




I* 




t» 


O 


o 








-=J- 


ON 




h- 


U\ 


O 






CVI 


CVJ 







R 



8 

P 
O P 



^ to 
P <u 

8 






S 



da 



189 



9 



<2> 
0\ 



o 

H 

8 



S 
I 

EH 

n 

CQ 

H 

O 

a 



H 

IS: 

1 

O 



-P 
ft 

or 



■a 



-p 



o 



CO 



qt^-OOOOVOONON-d-lTNCVJOOCOfOklOvirvN^OO lAlP^OlA^-^lAK^HHVOVDCVI 
H ' rH H HHMr-JHHH 



J5 CQ H CQ CQ W CQ 



§ CQ CO* ^ 5: fe M S^CQ 

ISHCQtQCQtQgHCQtQCQ 



vocovow^inq^Aw^o\qqHwoij-^vo^ooj-ai4cviiAo\waiw 



bibs,h 



CQ CO CQ CQ DD CQ CQ SpqCQ^^|5CQCQCQCQtQCQ 



t— q J- J- H K} cvi On OJ b- oo on h vo OJ MD t— cvjvo !A -3- in oj k>onj- KN t^ vo oo 

r-\ rl r-l r-{ rH ^ ^\ ^ ^ J J 



p£]CQj3:^^^^p£lgp£|CQ to S g CO CQ CQ ^ 



CQ CQ ^ S 



lOkOJ LTNt-VOVO tOkt-VOVO O ONVO ON- CVJ 00 t— KN O O t— LT\ _=J- VO CO OJ VO 0\ IA O 



S ^ CQ 



H CQ CQ CQ CQ § 

CQCQCQCQCQ^SSgS 



H H i-l H 



H CQ CQ ^ CQ CQ J3C ■ H 



^4 if\ irv -d- tr\ ir\ oj ia i>- in ir\ oj cm m co ltn kn ia j- o\ it\ o\ k\co t>- r- o J t— 



^ CQ H CQ CQ CQ CQ 



^ w h h & & 

_tocQcQ^fers&q cq fe cq S 

S ^HCQCQCQCQgHCQCQCQg 



,. I CQ CQ S ^ScQ^feCQCO!^^ I! £s CQ CQ^CQ^**-**!^^ 

SHCQCQSWWag^CQCQCQCQrafeCQ ^ScqS^SScQCQCQCQCqS 

in vo kmanco H in t>- in in in H J t~ rr\ j- c- ^- co m m co co meg oj tn m c- vo 



CVINKNJ-rOKNwiAJ-^VOiaqVOHlAtnCVII^VOlAI^CMKMACOOaiONVO 

H H H 



J» CQ 



& § pq CQ CQ CQ CQ 

CQSCQCQCQCQCQIS 



CQCQCQCQCQ^SS^S 



WCQCQ^CQCQ^Fq 



evi -=d- 

OJ 



i>- c 
N"\ C 
OJ ^ 



CM 



K\CC 
OJ 



^ _ 

P S3 



oj raj in vo t— co c^qh oj k>-=* c> vq t-7 ca on o h oj rf> j ltn^ £7 co g> 



HHHHHHHHHHOJOJCVJOJOJOJOJOJOJOJtnrn 



fci 



> CO 

£ CQ 
-P <U 



o 
-p 
o 

•H 



190 



a 






3 



8 

I 



H^^co^^^voojjh^ojONH^^^^^jHvgqco^^ 



CO H 



J-g^Wt-^01lfMfN0NNj|nqH^(O HONKMPiVOJ-^-J-OJ-ONt-^VO 



!» a 

aJ O 



CO 13 pq § 



8 5 8 



coSgg ^ii^iii^coisili 



tS CQ 



1—1 r—i (— 1 r— I rH r— 1 i — | t — | 



3 ^^^^^^^S^^^^^^g^-^ifNjCvoOJ-rAI-^HVo^^ 



i-l H h rH H 



siaisssia.sig.aBiiis.agi.aiiii^gss 



H H H H 



ra ^ H §i@giiig & ii w iii SCQ igiii 



'^HS^S^^^aS^-^^^^d^^^a'^^HirNooHoocuwovo 



co^^v vo g cuc 01 fNco^ sgsgg o f a{ W K, Hcog Hcqco S co Sig H 



riaiioj-iAvoi^coo\oHwiAj-mvot>-oaoNOH(M(^j-mvo^coa\o 

HrlrlrlHHrlHrlrlWGIWaiWGIWWWWlAKS 



00 K" 

O re 

CM r- 






o -d- 

CVI OJ 



OJ LP 

CVJ OJ 



u 
o 
-p 

O -P 
> 05 

*% 

xi M 

-P CO 



o 

CO 



CO* 



CO 

d 



K*> 



o 
-p 
o 

>s CO 



191 



g 



§ 



3 3 



1 



CO -4" m r>- if\cO IT\ H K\f-C0 ON -=f O K"> OJ H OJ _=J- CO KN O -=*" ONlTNlPv-=h OJ CO CO 
H HHHM HHi-liHrHi-lrHOJH OJ OJ 

§ JS CQ 1 CO S ^ C§ SI CO CO CO & £s CO fe CO CO CO CO ;s to! 

OJ i-l O N^LTNOOO lf\-* CO _=f MD H K\r-} O ON-t^O O -=*• 00\K\-=t- lf\ (A |>- CO tA CO 
rHrHHrHHHH r-lH H OJ OJ 

to to ipq^swIalcQlwsife ^ CO S I | § to oci 



ir\-4- irv ifN-* oj kn r- oj vq _=f ovooo H q -=*- nn o\ t-- co co co _=t- oco m o o\ H ir\ 

HH HHHHMCVirHHH H H H HHrH HH H rHH 

co £s - h al|awrasi| to ^ eg w to ara|Ss§f£i§|fe 



rlJ-f-COOlAOOWrHK)HCOrlQIAOCOCOCOCOtr\OhCllMrib-r|VOh 
i— I r-i H H H H r- I H i— I 



r-l H H H H H 



CO Ira 

CQ 5 CQ U 



^ t* ^ W § £ to &q S to Js to* ^ to CO & !s 

H m COHCOjSjSCOWCOCOCOCOfxlCOCOISCOCOto 



ITNCO 
rH r- 

oj a 



oj -* 
oj co 

OJ 



oj o 
oj o 

OJ OJ 



to 



t- 

« 
OJ 



B 



00 IP j- 

a\-=i- 



V0^aiV0lAt~-AO^^\^)00J-^WHOrlCVl^ai00(O00LfMA(MO^00 
H HHHH r-liHHHHHHH OJOJ 

gls W 5 I S W W § W § S S M ^ to CO CO CO ^ CO* 



o oo\cvj-=ho\t*-tOiCvj t— -sh tr\H oj q a\oo j- ir\ on h co co ^ tr\ j- oj vo C— oj co 

r-1 r-{ r-\ r-\ t-\ H OJ H 



K^K^J- K> OJ H OJ lT\0-=t; OJ OWO t— O CO to, OJ CO ITNM3MD f>- -=T ONVO 1AO\CO O KN 
HH HHHHHOJHH H H HHH H HH 

CO CO CO CO 



CO CO CO 
CO CO CO 



_ S Sfe h H I to to £ to is to 

SgCOCQCOgCO^^COCO^SCQCQCQ 



O f^VOCOCO lOhO O W O00 OONj-ONt-t'-COVO OJOWO rlVO KMAHJ-VO 
H HHHHH HHHH HH 

^^^SUlaScofe^ H | |8 H COCOfeSfeCO c^tststs 

CQSCQ|5gggHHW COHCO^^COCOCOCOCOCOHCOCO^COCQCOCOCQ 



S 



ft 



in 



tr- 
ip* 









H OJ KN ,=*- ITNVO t— CO ON O H OJ K\ -3" 1AVO hOQONO rl W KN -=f IA VO t- CO 0\ O H 
n lvi n* -=r u a >w i ^^^ H ^ HHHHHHHCVJCVt OJCV]0JOJ0JOJ0JOJKNfA 



O 

-P 
O -P 

■P CD 

r 



o 
t) 



192 



C\J 
ON 



B 



ON CQ 



I 

o 
i 

H 



^^g^fe: ^ pq fe £s 



cooNH^waj^oOH^HcvicocOAo^ooiO(^cocooovoioiOvoaij-co^ 



03 O 
ft S 



S H & H 

CQ CQ CO CQ 



C£3 

CQ pq Ss 
pq CQ CQ 



pq pq CQ CQ 



CQ CQ CQ pq CQ 



CQ pq 



rj c-vq k\ ir\vo ONt-irNvo Hog oj oj ^ mo itn h kn i-kmaonvo iaitnoj o k\-* 



CQ H CQ 5= j| C^CQCqScQCQ 5^fSCQCQJSCQfeCQ!s§ CQ 

pqCQCQCQ^WCQCQ^^CQCQCQCQcQCQCQCQCQCQ CQ CQ CQ ^ rn $ 



CQ CQ ^ CQ S CQ 



^vojHt-HH^toocooginqi^t-ooooo ok>onHonon-4-cocoo 

H HOJrHHOJrHCMH H OJ OJ OJ rHH CVJHHH QJ 

S _CQCq£cQ^CQ§ I§c3§§js^ ££ § CQ ts !2 G3 m 

^CQEXCQCQ^CQCQJS^^pqCQggcQCQ^g Pq@CQCQCQCQSScdg 



ss^s^H^^ss'-^s^^^s^^^sa^^^s^ 



pq & ^: is pq ?s Is 

CQCQS§pqcQCQCQCQCQCQcQCQCQCQ^CQ CQCQCQCQCQCQCQCQcS 



CQCQ^tQCQSgpqcQ 



f-coHt-Ha]vohqaiqoit-^wo\ojhtOivoNvoooir\wo\inHGit-j- 



CO* C§ £2 CQ fe 
CQ CQ CQ CQ CQ 



pq CQ CQ S 



CQcQCQ^pqpqcQ CQ 



pq s 

CQ CQ pq CQ CQ pq 



r ~ l i-ii-i r-l n H H H Ol HHHrHHHH H H HH 



KCQCQJSCQ CQ CQ CQ § CQ CQ CQ^J^CQcQrsCQlSCQ&S CQ !S 

pqCQCQCQJSpqCQCQ^^CQCQCQCQcQCQCQCQCQCQ CQcQCQSCQCQfeCQ 



^ CQ ^ CQ 



co vo q vo q cq rr\ oj cq vq cq on -d- co vo i>- co co co co co ojco on r- c- n^ c— t«- co 

H HHHHHHH HHH H HHHH H 



JSCQ^CQCQ^CQCQ^^JSpqCQ^pqCQCQ^g pq pq CQ CQ 



JS 3 pqpqCQCQtQCQSSCQ 



ss 



«H CM KN-d- IfN VO f-CO ON O H CVJ KN -=J- IT\VOI>-caO\OHOJ KN -3" ITWO t-00 ON O H 
RHHHHHHHrlHCVIWWaiWaiOICVICVICyKMO 



O t- 
O tC 
OJ CVJ 



SEC 

OJ OJ 



KNCO 

OJ rH 



O 
-P 

> aJ 

& to 
-p a> 



a 



to 



o^ 

CO* 



o 

vo 



vo 






o 

a> 



193 



lf\ 
0> 



s 






95 



CMt-OlAVOt-aiOlA^rHJ-J-J-OMOyOHcQI^t-lA^ CVJ l>- vo VO H H J; 
HHHrH H H HO) rl HHr-lMH H HMH HrHH 



CQ CQ § CQ W § § S § pq C/3 CQ S 



CQ CQ W ^ W W S 



VOOt^C— OO\O\0J H O CO KM-H Ol H O O MD lf\ -=f t— K\ H rO tO OJ ^J- IT\ VO 

HrH iHrH r-\ r-\ rl rlrl rlrl rl r-\ r-\ r-{ r-{ r-1 rl 

ggHCQSgWCQagcQ CQBCQ^wg^JsgwSra CQCQCQCQCQCQCQCQ 

VO t-VD Lf\ IfN ON C— ON tf\ CVJ [>- O KMTMA H CM H CO ON -3" VO -=f- MD tr- ON O KNVO 0\ O 
CVJ H HHiHrHi-1 H HHHi-lrHM 

;^cQCQScQCQCQg;scQcQ co^ragfeD3CQWtsfxiP«q^ scqcq^jscq^s 

C^J-OO^r-Ob-Ot-t-OKMAJ-rf\J-inK\\OHJ-K>H(\!0)KMAq^) 

rHHHHHH CVI H H rl r4 r-tHHr-iiH HH rHHM 

SjsSS^^h^ |s tc! wMc3cq^SSSSSc§ to Eq cq &g to 

SoQwcoraraacQw^s cqssixIcqcqcqeqcqcqcqIx h cq ra cq ra a cq 



OlAO\Hv.OU)aiO\J-lAO CVIHIO»OOWO\O^IAVOCV1J- H IAJ- IA O O K) 
HrH H H H CM H H HHH H H H H HHH 



t- O 

o o 

oj cvj 



q vd 

H Q 
CVJ ' 



s 



I— MD 
rf\ O 
CM CVI 



8 H 



cq ra 1 a w lira § h cq cq cq 



cq ^ cq & S & 



J-4-C0VO inCAOOCD CVIONCACO CfVO O HOCAOWO lAfOkVO HQHHHCVJrAUA 

i-l rH rHHH r-{ r-\ r-{ r-i <-\ rl r-l 

h I ^ gpqassw col SjstQswcQiJqfecQCQCQCQCQCQCQCQ 

gHCQggCQCQMga] CQSCQ^O]giS^g|zlCQra CQCQC0K1CQCQCQCQ 

VOJ-^IAIAOO lAC0^Hin00CV)4-tAH(M Ot-00jt lAOl ^VOOOO\CV)J-000\ 
CM H HHHH H rHHH H 

S^&grafefe&s&^ra H ^ cq cq & Si tol siramramps 

^CQCQgcQCQWg[i:CQCQ CQjSKlgScQCQS^WH? gcQCQJStSCQfsS 

CO OJ ONCA KMAONVO CO VO VO ONCVJGJ-^CVJCM-^-OJ-^-OrOCVI H rl CO KMAO\J; 
H r-\ r-{ H HHHHHHHH HHHH 

S&Bm^fepq^ s SHiSS^Srarawl ra cq Eq cq w cq 






H CVJ fOi-d" lf\ VQ C—CO ONOH CVI N"N -tf tAVO C—CQONO H CVI ff\ -4" IfNVO 0- CO ON O H 
HHHHHHHHHH(MCVJCVJ0JCVICVICVJCVJCVICVIK^rO 



LO 






vo* 



CM 



ON 
lf\. 



ON * 



s 



-p 

a -p 

!> co 

-P <D 



CO 
LTN 



CO 

lf\ 



> a 



19V 



H 

CV1 



-3- 



8 



o 

3 



Si 

CQ 

H 



!» 

e 









vO CO 

3 



& 8' 



^-s^^s^^^s^i^^rsi^^ss^^^^^ 



H |2i S 









w^gs 



|S pq pq CQ |s 



S^^Sc^SSS 



|S CQ CQ 



^^S^^^ScQCQCQCQ |S 
CQSSSCQtQCQCQCQISCQ CQ 



cQgp.lggig^lslgllllg^lggiglglgg^ 



^hh^h^h^S^h^hSh^^^h^--^^^^^ 00 ^^ 



^ 8 I CQ pq CQ 

CQ CQ JS CQ CQ g CQ 



ragHSSH 



CJ H H H H 



CQJSCQ^^P£]CQCQCQESCQCQ 



o\mcowj-4o\co\oHjr\«ggK)rjo\^vqqq^oco^oovo^ooo t- 

m m H W H rl H rl H H r-i i-| rHHH r^ 



rSCQtQtS^g^CQpqCQ^^^CQCQCQScQCQ 



W £ !zi 



woNVoaicotAcoovow4oo^jjON^rjcooow^cocowwwcoH4 m 



CQ |S g iz; 



— S S^s^cqScqScq 



|S fe CQ CQ CQ CQ CQ |S 
CQ CQ CQ CQ CQ |S CQ CQ 



9& w 3^S^®3^^a»^ OT 3^^S!!}2^ TO :93RJ<2^s 



H H CU H H 



s M lsg|g„lilgllllg ra lggiglgigs 



H OJ K>J- lA^O t-CO ONO H 



Q rj W K)4 IT)vq h-CD O\0 H W ^J- ir>VO t^-OO 0\O i 
HHHHHHHHHHOJOJCJOJOJOJOJOJOJCVJfni 



3£ 

OJ rH 



H in 

OJ OJ 



s 



in 

H 



■p 

O P 

<u a 

> cd 

P o> 



CO 



: -=t 



O 

in 



I 



195 






s 



-P 
ft 

or 

CO 



•a 



u 
-p 

<D 
t> 
O 

a 

cd 

3 



00 KMAfOaiJ-O\C0tOirl lA-d-lArlAiO||s- KN. tf\ OJ fA N"\ OJ H(^HOI^ONlArH 
H W H H HHHH rl rl W rl rl H rHHOJH t-iHH - 1 



o iahvo H j- ^on kmaooco rr\ oj vo on h oj on t>- tr> .4- vo o t— vq ir\ q cvi 

rHHr-4 OJ H Hr-4 HH HHHHH 



!S H fe 3 fe £ £} CO* CO CO CO 



WM^tagwwcogjsHcoaHwcora 



C* - VO vo OJVD H C-- CO H 0-4- E-- VO t— OJ H -4" O t>- ir\ o On K"\ J-oO KN CO K\-=i- LTN CO 
HHH r-\ H r-^ HCVIHH H HCVJ H ' ' '' 



H H H 



CO W ^ CQ WWW 









H CO 



cotototoSHCOcoto Jz;cococopiq|xicoco 



WriHHo\ooHiowowif\riJ-ooif\iovooMr\\qt- ir\ooooqcvj-=t- 

HH H HHHH HHHHH H H HHHH r-i r-\ r-\ r-i r-\ 

a IswcoSiiraws to to t« t* a to & ;s to & ^ to ^ to to 

SSSCOCOpiqcOWWCOCQCO^^COCOCOWCOCOCOCO^ CO CO JS |5 CO CO CO 



8 



h ir\ 

OJ H 



OJ 



OJ 



q 



s 



s 



o 

OJ On 
OJ 






95 






VO O tno l/AO fOv^t-CO H _=f- C- t^ OJ OJ LfN CO O OOOVO tOkrO VO ONMD -=h ^ C\ H 
HHH OJ H HH HH HHH 






CO to H to 

CO ^ CO CO 



1 



■a 

03 

d 

cfl 



a 



^ _ 

!» d. 

CO o 

o s 



ifMAVO O -=h OVOVO O On _=J- OJ KN VO O H .^ 00 VO -=h CO CO OJ -3" t- OJ CO H 4 4 ^O 
H HHHHH HOJHH HHH HHHH 

& to to & to gpqpqfewwSwIllsEwfel iraraiiwral 
cotsw^tocojsgcocossscococopqatococotog HCQcogwcora^ 

VOOlACVIHJ-COCOWOWKMnoqoVOWJ-OlWOJO o W O ONCJCO j- o 
HOJ M rA r-\ r^ f-\ H HHOJHHH HHOJH H H H 

^^^^^^swasig to ps fe ts _ to to ^ SwtocoS'Sc^co 

tOCOfeCOtOSgCOCO^SSpqCOCOtacotOSFiqCOCOtO ^COCOCOfxlWCOCO 

HOHOCOONO\0(MaiONrflAO tOVO KMAlf\C0 toj- in (O t- (J\ ON ON O CI 
HH H HH HHHHHH HHHH HH 

^IstocQ^llraHfe to to ^ ^ S§ to fe^cofe^ to ts to to 
SgtocowcoHPiqcocoto^^cotocoptqcocotocojs tocotsrstococo 



vo 

OJ 



00 



00 



o ir\ 

c— 

H 



OJ K"\-=f ITWO h-C0G\O rl OJ KN. -=*" !T\VO t^CO ON O rl Gl K\J- ifN VO ["- 00 ON O H 
,>m n * -=r u > >w i ^ w ^ H ^ HHHHl _ tr _, HO j j j C vj j jOJCVjOJOJtAhO k 



O 

<d d 

> « 

Xi to 

d « 



t d 



196 






I 





R 




< 


to> 


CO 


CVJ 


ft 


3 


B 



I 





a) 

1 

-p 
ft 

CO 




,-x 


co 




ocvii>-ir\at^ i vq^cOHvo^oqcq>-_d-oJONOJ i>-cvio^-4-vo_=i-t>-cocMi>- 

H CM rHr-IHH r-frH HiHHHrHHOJHCVJHWHHHH rHrH 


O IT 
CM -4- 
CVJ H 


* 




CQj5|x}C0p£i;s_ COCO @ § JscOc^^fe^^&qS J* 
COC0COCOCO&:S^SC0C0COC0^apiq^JSCQ fej2COCOCOgfxjg{iqcOCO 


s 


s 


CO 

t* 

CD 
P 

if 






^^ 


o> 


-P 
CO 


t>-vg_=r c— j$ cm h -4; t--o\K^toycvj-d;-=t-=f- f>- co vo co o-=t-oovo OJ MD ON K\ H VO Q\ 

H H rl rj H rl H rl rl i— 1 rl ri rl rl rl rl rHrH 


H CO 
Cvl H 


ir> 


•3 


g cowssco^fe^Sco&cococo CO js coSssDscoisco&q 

SWWCOgSWCOCOCOCOgcOCO^COCOCO^ ^gCQCO^COCOCQCQCOCOCO 


CO 


CO 


!> 
O 






s~^ 


Ch 


Pi 


£ 
3 


irviaHONj-t-At-ajOrjvqcoj-ojj-qj-ai k\o\o\co hoo H4 onoi oon 

HH MH H HOJOJH HOJ H HH HCVJrHMHHrHrH 


o 

CVJ _=h 

OJ CO 
CM H 


in 


•H 


cocogHH^WfecoS^^cocofe_wl pqt^co^^^&qco&Sl3: 
cocosaaacococo^cococo^coasspiq cocococococogcospsiqco 


iS 


& 






^ 


t- 




§ 
3 


co vo ir\o iahco o ai onoo o vo ir\coir\co H ir\ r--fO\HCMO\K\K"\K\o > \CMH 

H H HH CVJHH CVJHH HOJHHH 


t^ CM 
H O 
OJ CM 


vo 




fe_& co c§ co ^Stoco^^&g^S CO CO CO £: co 1 co CO 
coscoco^cowcocQ^cocQcotocogfxipiqH cococotscoiscocosslsco 


CQ 


CO 




0) 

1 

P 

Pi 
<D 
CQ 


l>-J-lf\ONCOO\Oirvir\^-OlAOJCVJHONl>-OJ-=|- rl4 kco ON o o\H mt-H 
H H HHHH HHHH HH H 


H 
ON 


o 




to^wcopq & coco la ^coco'isjsililli&qli ts 

CQOQCQCQCQJsgjS&SCQCQaiCQISfelaq^^tQ g^COCOCOgfxlgHCOCO 


& 


& 


03 

1 

•H 


-P 
03 


lf\ K\ f>C\VO rOONONOJ^-VO O KNO\H ^ OJ VO t- tf-\ VO CO 0J-d--d-ONj- t^OONLTN^- 
i — 1 i — tHHi — 1 Hi — 1 r-{ r~\ t—\ t—\ i — 1 


H 


CO 


■3 


g cogwSco^^^Bco&cococo to fe coSi-sJsco&co&q 
aHpqcQgSHcocococogcocojscococojs ^Scoco^cocococococOco 


8 


S 


i 


K)fOHvg aivo cm vo ir\vq co K}vo ojco k>co ia o h t>-t--=i-co tr\ o\ cm vo oco t- 


CO 

3 


CO 

-4* 


i 


CQCOSgS^COCOCO^COCOCOtSCO&ggH COCOCOCQCOCOgCOgggCO 


& 


£ 




, 


^OV0 4 ONJ- H t^ON HCO NCOJ; K)CO J- t-OMT\L^OJHaiOOaiai01>HO 
H H HHH HHH HOJHHH 


CO 
H 


o\ 

• 




6 


£= _ & CO c3 CO feCOCOCOfe&fegSS CO CO CO £2 COCO CO 
COgCOCO^COCOCOCO^COCOCOCOCQSixlWFiq cococo^cotscocots^co 


CO 


CO 


o 

& 

p 


i 


H(Mrr\4iAVO^-COONOHCVI(Ci4lAVOt-CQO\OHaiK^J-iAVOt-COONOH 
HHHHHHHHHHOJOJCVJCvlOJOJOJaJOJCVirOfA 


8 

p 

O P 
CD S 
> 05 

P (D 


u 
o 
p 



197 



8 



J- 
OJ 






I 

O 



I 



^|-I>--^00a\CVJO\CMV£)-d- hcvivoj-cvioonojj- 
r-t H H H rH i-H i— I 



OJ H .H Hr-lrHHrH 



H H H M H 



JS Sc 5: H H H 

t _ h- ww ^ g ra|gra 



ra t-s > w 



s 



ro ra js ra § § h 



lAO\C0C0C0 4C0 t-oo J- J- m 



§ S ^ &w&aw h S lj it ra > ra &qs ra h II cq^ 



vo t—tokvo r>c\ ir\ o co tr\J- o\ if\ H o N"\ i>-co vo ir\ 

H OJHCJHHHi-tM r-\ t-\ 



§ m s w m ^ S ^ws w ra II^cq 



O OJ Q\ OJ O -* !>--=*• t-CO r<>VO 






oj- cvjvo ir\ -* b-K^cooo o o o moo aj t- c— o> 

i — I i — I i — I i — 1 i — I i — I i — I r~ i 



H H 



s I h s w cq 1 . h E§ m is ra ra ra ra 






t— OJ 
H VO 
OJ H 



HMD 
OJ 



J- OJ 
J- 00 
OJ . 






1 



tOMD cj d-oo q t- o\ m kn on o ir\ cvi oj a\ i>- gj k\ _^- t- vp d- !>- to t- vo ma^j- 

gcQtQBl3|sracQragcQSgw>fe»sraH ^gHWCQCQ^^WKtS^ 

KMAOMAChOJOOrlfOrHf-J-HONrl^DVOin^ COONCOOOOKMfM^VOlAHlTN 

HHr-lHr-ii— IHH H H Hi—' 

i||>||s5 &§S:pciS_l;SS S to ra li ^ w K & >-o§ 



co rc\ H ir\ j- io\ vo o vo t>- o\ co oo ojj- o ir\ vo its ONb-b-vo h io^ t— t>- o\ rr\ vo 

H HHHH HH K\ r-\ 

^loq^cocog h to tofetotototototo ^ pq fe to to WM 



cd o 

P s 



H^^^^COONgHW^JJVO^Oa^OHCj^^^g^H 



VO 



-p 

> 5 

3 



o 

-p 
o 

3M 



198 



g 





n- 


if\ 


CO 


CM 


H 


a 


K 





JL, 




^-x 


H 




1 

-P 


»^S^d^3»»g^^^3S w ^»^ ajH S3^cdS- d -^3al 


OJ OJ 
KN LP 


LP 






OJ H 






ft 
0) 
CO 


i rafea to £ to § rs is to is § § to S ts to 
tsacocowco^Sco^iscocococopqfxisSfbqw^ cococogcogcoco 


S 


iS 


CQ 
•H 






^^^ 


H 


!3= 


-p 

CQ 


iavocok)co i^qvoK)K)voomcooJ-oiAai ro»j-o\ H o J- ifM^t-o\j-vo 

H H H - H i-l H i-\ H H rl H H H H HrH 


o 

rOkCO 


vo 


-p 


3 




OJ H 




1 


< 


^im^l^^si^l^^^SlcOfeCOCOtS IBS H to to 
WCQCOSCOtOCOgtSCOScogcO^^^g^COCO^ ^COJS^KiCOCGCOCQ 


S 


S 


> 

o 






,^ 


o 


a 

CD 

a 


* 
3 


»-VI t\I iH rH r— 4 r-H r— I rH rH H rH H 


VO VO 
OJ CO 
OJ H 


vo* 






co^^wco^co^Sco^cococQcoSicoggSco ScotoSStocotoH 


s 


LP 




s 
3 


rH i-4 rH H H rH rH rH rH rH HOJOJr-lOJ 


Q 

CO LP 

OJ o> 


• 
vo 






OJ H 








— ' 








^§11^ ra ^ g ^^rs to s com :s to »s S to 

COgpqpqCOSCOCOgcOCOCQCO^ISiSjSHCOCO^^ CQCOCQCQjStOCOCO 


s 


B 




<D 

1 

-p 
ft 

<D 
CO 


oivoooK)o\qQ\aiwN^^qHiAcvio\HK\Wrio on o\ co o\ rn t- co i^_ 

rH i-HrHHHH HrHi-l rH H rH H 


VO 
OJ 


OJ 






H 






S CQ S g CO^CQg & fe S fe g g £q g »* g 
|2aCQt0liqCQtsgcQ^^K5cQCQHH&feg[xjj2 COCOCOgcogcOCO 


£ 


s 


CQ 
•H 


■P 
CQ 

I 


j-ifM>-gt-gcoiAOri^coj-^co^ONriqOrjt- Hcocvi-d-rrwoooojj* 

■"•i - f i—l rH r—lHi—lH H ■— It— 1 




H 

• 
LPv 


* 




H 




■a 

CO 


SCO CQ&^feWsl§!sSCQ|tO!2§CO!2 ScClCO &3 to CT) 

Wcocoscococog^cogcoico^Sislgcocois Scog^cococococo 


£ 


s 


cC 


9 


^^^i>-oj^rOvoDb~N^^^HCK^oj^t-voo\.-=hio l oi ^mah iao j- it\gi 


8 

H 


OJ 

ir\ 


•H 


^ 












cQ^^wm^coiscora^cotQcQcQ^gcoggEco ^cotoSStococoH 


a 


£ 




d 


CVJ^l; ON KN ON t— LP> OJ LH LP* OJ -4- O OJ CO VO OJ H -4" t— I>- J" IA VO OJ ON |>- f- ON CO 
rHrH H HHHi-lH rl rt rl H 


H 
VO 
H 


LPv 




6 


co@H{Hico^icoco§cococococo^js^piqcocog^ coc§coco§cococo 


£ 


* 






O 
•P 
O -P 


rH 
o 


'H ^ 




cd a 


-p 


O ^ 




> aJ 


O 


L -P 


H OJ 104 LP, VO E— CO ON O H OJ K\J- IAVO t-CQ ON O H (\l K\-d- ITWO t^-CO ON O rH 
rlHHHrtHiHrlrlHWWCMOJWWWWWCMtAKN 


-P 


Q> 


>5 fl 


!>> H 


> 


CG O 




H 3 


fl 


o s 




A CQ 


>s cd 






•P <D 


H (D 






s « 


•h S 








£ 


S 



199 



lf\ 

ON 



8 



% 






rio\rig\ovocviK)iAvoqcyj-j-qj-voowcomwiAt--i>ONvooot-o\ 

r-l rl H ri rH H i~l r-\ H H HH! 



q^VO^Vgt-ONrjIAWWONlOCOVOVOt-J-OO^IfNVOWt-OriO^COO^ 
1-1 M r "" 1 r-lr-lr-IH H h H H r-4 H H rH 



^-^oOKj^covo^gco^cog^^^^^^^aj^gKjcqj.flo 



3 S ^SgKSSSSS 



&* ? ^ K 3> S 3 



!» Es > |x s 



H _=t 

OJ r- 



oo oo 
H IT 
OJ 



S 



CO -3- 
OJ H 
OJ OJ 



£ 



00 a 
vo rr 
OJ H 



o> 



H 

in 






vo 



§ 

EH 

O 



H 



00 OM3MTMAO O J" lfNO\(M K\N-\C0K-\Lf\C0OJVO OJO H VO VO t— lOi if\ VD C- 
1-1 H rH H rH rH H 

:fe^W*§§SS ^ M^pq SS&q Sf2»* § Srnh^n 



cO^vooOgoWOAOJ^HOJ^Hgg^rocu.cO^iningv^ 

C»VO^|>!^VOI>ONWOCht-WN^IAVOW^VO^tno\J-OOOSOOVOt-COH 

vo^^g^^L^ONtjq^Ht-cgcowaicjNVooj t-j- iaojknoh^-cvjvo 

r-i h H H H H H H H h r-i H H 

j i!Eg!g>s*£Sc»ii I 111 









OJ 



vo 
LTN 



00 



as 



HCUhT\^iAVOI>-(O^OHWlA^IAVC)^caONOHWrOi4IAVO[-COONOH 
HHHHHH r-IHHHCVJOJCVJCVJCUCOCvlCVJCUOJKSfOv 



h 

o 

•p 

O -P 
0) d 
> 05 



rH 
O 

a 



200 



S 



00 
ON 



I 

EH 
CQ 

H 

EH 
H 

o 

O 



g 

EH 

O 



O 

H 



C<3 O 

n S 



OJVOVOCVJjtCVJKNVON-COVOaiOO^COJ-OOOOOt-COlAlOOOCVIVO OJOJVO 
H r-l H H H rHHHHCVJHH H HHHH H 



pq pq pq 

W CQ CQ W CQ 

CQ CQ W W W CQ CQ 



fe J* 



WW fe feW WW 

CQ CQ fe S gSWWS^fefe 

WWCQfeWSSS gpqpqgf^pqpqcQ 



00 0JVO ITNCO CVJ OJ ON V£> -=J- 0J OJMD K> Lf\ V£> -4" -=t -4" -=)- LfNLTNVOVOOOOO -=j" CO OJCO to 
■ H H Ol ri rHHHOJ h H r-H HOJ 



SSfefeWCQfegSSWSCQ 



W CQ I I S I H 

cqw m ra|?|? ^ ssa 



CVia\H^OCOir\ONVOHOOHJ-04-OJCOJ-I>004VO ovpc\ioo O 0\h0 H 

i-l r-\ r-\ i-H HrHH. H H 0J H H rH H~' 



fe w 

CQ CQ 

fe CQ CQ fe 



fe fe 



WWWCQWfefefefefeW 



fe fe fe fe CQ fe 



CQ fe § 



O Lf\ lf\ CM OVO irNCVJKNtOvmO-J-tr—VO-^- H4" IAh4 00 00 Q l>- 1^ CVJ C—OtTN 



W fe W pq pq 

CQ CQ g CQCQ Wfe fe 

CQfeSfeWWfeCQSfeSfe 



CQ § CQCQ _ W M _ .. 

feWfefeW CQfe^ICQWCQCQfe 



s - S 



_3-_=f KNHCOVO t— KN CT\ _=J- N"\l>-0\I>-C?NN^ir\0\_=t- ON _=J- 00 t>- lf\ tT\ H K^ HMD K"N 



WW WWfefe WWtSfeW WW 

WCQCQ WCQfegg CQ fe W CQ CQ fe 3 ggWWsSfefe 

CQCQWWWCQCQSSSfefeSSWWCQfewSsg gWWS^WWCQ 



OMDfAOJaNH^otrN^aivo^-oocviojioai^-ajcviKMAi^ooo-^ oj^-vo^oj 



fe fe 



S g fe 



CQ fe _ fe CQ W CQ 

CQfe^SSWSCQ 



W CQ ! 

CQ W CQ CQ Js ! 



!>-VOHCVI\OHAV04-t s -^rtC\l^-(f\t--lAO\J-lAaiOVOVOOOC\IVOVO^VOtO 
•H r-t H H 



fe W 

CQ CQ 

fe CQ CQ |3: 



13: 13: W W 13: W 

CQ feS CQ WCQ & _ CQ 

feJSCQfeWWWCQWfefefe&feW 



fe fe js fe ra > § 
VOr^K^CJCV|^CK^CMCUOVOCK^^tO^I>-CVItOvvOfAH lT\OJ-^-OJCO U~\ CC\ ON 



W 13: W WW 

CQ CQ K CQCQ Wfe fe 

CQfegfeWWfeCQSfeSfe 



CQ § CQCQ W CQ fe CQ 

feWfeWWCQfeSCQWCQCQfe 



HWlAJ-irwOt^cOavOHW^J-lAVO^CGONOHWtAJ-lAVO^-COONOH 
' ' ' HHOJOJCJOJOJOJOJCVJOJOJlOirOv 



H H H H H 



MD O 



ON O- 



<S« 



^ 



R 



O 

-P 
O -P 

> CO 

£3 

^J to 

+3 0) 



CVJ 



VO 






201 



0\ 



§ 



00 [xj 

OJ H 

E3 H 

*H" O 






*3 
II 



-=»- i>- caj- in lt\ ro t— vo itnvo o co vo oj o\ oo co vp p oj co moo K^I>-^- t^-vo -* 

'" • OJ OJ H rH H OJ rH rH 



rH H H H rH rH H rH 



^tQCQCoS^lilHiHWlsSSSS £s :* cq cq § 



CQ CQ 






i>- lfN i>- IT\ O rH OCO t- -* lf\ CVJ O^OO O O IT\4 H ^ -=J- -=|- 0\ O OJ iC\ p -=f -3- CVJ 

rH H rH rH H H rH HHrl.CBrlHOKM H H Ol H H H H W 

li] y m jj S Is & H H Is W 

OOJ-l>-rH4- t^VOWOWVOH^-D-^- H OJ OJvOPir\OVOONOJt--OJOOOJOJ 

rH rH rH H rH H rH rH H H H rH rH H HHHr-l' 

VO CO HOJ tnChlAlOOO Ht^OOJ-OO IAO00J- IAJ-VO Q00 OJ^O 0\E-VOI>J- 

rH rH H rH OJ r-l H H H H rH r+ HOJ rH H H rH 



cq h cq cq 



ggg* 3 



CQ tQ W 

F3 CQ CQ CQ CQ CQ |xj 



oo on j- oo oo ro t-- j- oo tc\co irso o\vo o o\o -=f p vo -=fr oo O\0J^t to* .4- co oo 

H H iH H H iH rH 



ra cq &q cq & ! 

£2 CQ CQ CQ CQ I 



i w i^sigggiiigggii ra gii 



-=J- rC\ .^f- fO lf\ V0 lAONOM^CO HIAt-OOVOOO K\rHOJOJCOli"\VOOJCOir\COt--OJ 

rH H H rH H 

wSi^^CQCQCQ^^^CQiifxliScQi sScQCQCqIcQCQCQCQIzJCQCQ 
VOVO KN^t- C-- ON P O NVO H_=|- t^-^--^- OJ t>-HC0-4-vO OWOj+VO rH OCO Cvl CO CO 



StBafeiBBHBSliigiBHH& 



gggSSI 



I* t» ts 



-^iAc^-oo qoj^qojir\H-4-ojooojONvo hco rr\ojoojmco-4-oj.zhpir\.co 

H H H HH H rHH HH 



H OJ fOv^- IAVO t*- CO ON O H OJ KN -3" ITNVO t*- CO ON 



9 3 3 S3 »3 S3 a g si SI a* »» Sr« a R A 



OJ _*• 

3 Q 



o\_=i- 

KN 



51^ 



g 



I 

O -P 



oo 

Lf\ 



OJ 



202 



O 
M 

3 



§ 



§ 



0> pq 



I 



H 

g 

EH 
O 



o 






> 
o 

a 



1 

CO 



ON l>- O lT\OVO-=J- OJ KMAOC0 00 l>- O VO O lf\ VO OJ O VO KN -=* CVJ OM^- N O 00 
H 0J,_1 H H OJ faKNW H Ol H H H H i-l W CVI H H 



^SS 






& g ra 

m ^ S ^ ta 



^^^CQp£iFiqfiqp«q 



O O00 l> O VO VO O 10 4- O tf\ t— VO on -3- H oj vo o -=* ocoj- LTN KN -=f £— OJ -=|- j* 
OJHHHOJ Hr-IHiH H OJ H r-4 i-4 r-4 H W 



£ ^ £= ^ 



o -4- itn -=*• vo iovoovo^-vo on vo o oo o i>-tr\co ltnoj_=j- o i>- o\ _=j- vo ococo kn o 

H H HHrHr-irHHH i-Hi-H 

_3- ^-OHlAOMPilfNOIVOVOJ- ON O OJ i>- CO -=J" VO OCVJ O IT\ OJ H ON CO CO CM tf\ 
r4 H H W r-i rl rl H r-i H r-4 H OJ r-4 i-H rH r-4 H H H r-4 r-4 

raffifeS raw m^&ra gg 
cQraa^tsJsraracQCQsracQisiixi 



^pq ig B& Ira ww 

EQCQCQ^SSPiq^S^^CQracQ 



LTN-=h IfN KN LfN KN OJ vo l>- KN VO O Lf\ ON r-4 CO IfN CO VO VO VO K\ OJ 0J VO ITNJ-^ lf\ _=i- 



^s 



JS JZ! S 






a 



"3* 
SI 



HlfNOO\HlAKAVOlr-(>voCVIJ-IOiAaiOVOK>HCOlAOail<>l>OJ4-VO^Oi 
H H r-4 H i-4 i-4 



ra ra s fe cq _ 






rTN . . 

t- CO 
OJ 



ON K> 
kn. o> 
OJ 



l>- t- 
OJ ,-1 






OJ 



o 



0> 

IP 



-3- 

OJ 



CQH H H 



l>- rO KN oj _^- CO m j* OJ _=t- vo -=i- l>- OJ vo -4" O H KN CO KN vo -=1- vo CO -=* VO LfN LTN OJ _4- 



00OV0lAlAWO0NC0OOC\i\OV0004C00J^V000l>lO00t > -V0C\iaJC0O 
H H .-I H H H H HHH 



S B £ S SS 3 £: £ S g| 



raCQ^glxl^S^^CQCQCQ 



H Ol K^ .TXVO ^CO ON g M OJ £3 £3 ^OQ ON O H gj NJ 3 £ VO £ eg ffi £ H 



O 

-P 

o -P 
<U S3 
> 03 

+3 



+3 <D 
Pi Ph 






203 






1 

CQ 

EH 
H H 

g 8 



g 

EH 



§ 



^ v., v^vwv^^v-/ ( _ |CV j r _ l H HHr _| H OICVIWHHHAtAHH 

m i | S to S tet cq cq ra ra *s ra ra tec ra m ra § 1! ra cq is 



HONCO l>-HIAO(Mt^\0 <M(M WOI^OVOIAOO I^^^VO^ lAfOoOCVIVOtM-^00 
OJ.-l.HHHH HHrH OJ OJ H H 



W CQ fe pq 



h-fr\^O^OOWh-a\jtVOlACOWON^OOOCVIOOai4-lAOOHlAtr\J-HOfO 
rH H OJ H H H H H H H rl H i-H H HHH HH 

tscQ&qratsfe^Sfefewg cq sc i I i 1 § § I ^ § g | | § ^ 



OJooeo lt\ ,4 co rc\ONiP\iP\vovocovoco t— vo ip\ t— co vo o vo vo on l^- ioj- vo co 

H HiH HiHH H H OJ HHH 



S w I g j^ g g I « 



S3 pq CQ ra H W CQ 

JJCQHWtQCQ^HCOH 



S8S 

|S H tes CQ 



-4 VO lf\ KN. KN. K\ -4" UAH t— H t- -4 ON -4" 1^- ON [>- CO -4 tC\ r-\ OJ iPx ON ON 00 VO VO VO 
H HH r-i r-\ r-\ r-i r-^ 

el| 1 | | cqS&ecq S to to ^ to S 56 m to to 1 i to II 

BK>!SH!5^WHPqcQCQtQ|5ra>^!5-WHtQm^CQ^H^!s|3. H 



HlAOONrlCOVO^J-I^HHHVOCOCOCM^Ji-aiffMOiOO^W^HrOVOW^ 
H H H H 

tes i 1 co h | to ggalii|iq.Hms88SscQcoH^ g 



-* CO CVJ l>- -4 Ht-HW 0\J-K\lA[-VOKMAVO't-HCOO\KMr\t-ONCOOJ H VO CO 



o -a 



fetoHtofe&^cafesei rates 



CQ CQ CQ fe WH II w 

cQtescQtstQtesgfxitescQ 



mmONOJlTNOJ C\IOC\I40HOIA4444HOK>J-4C\JOCOCM41A 
HH HHH HHH HH 



P3 

w h i i to 



testesMHtee § P3 CQcQHcQCQ 

gtoggSUCQHCQCOCQ^HtQH 



St CQ 



t— VO 
H VD 



-4 0> 
_4 IP 



CO 
VO* 



H 
IP 



H 



VO 



CM 



OJ m-4 tnvo C— CO ON Q H CM K*\ -4 IT\ VO t*7CqO>QH0J K> .4; ITS Vp E^CO O) 



HHHHHHHHHHWWOJOJOJOJOJCVJCvJOJNSfOi 



Ri 



I 

O -P 

£ s 

3 to 



>> § 



204 



a 



8 



§ 



CQ 

H 



I 



-P 
ft 



t 



8' 



03 cfl 03 co* <S rQ ,Q 

vqc0LT\t>-O 03 {dOlf)cfiCM>OC]OOJ-lAGIJ-aNOO^VOOOO\J-!>-vOOVO 

H OJ -P -P OJ H -P H H H H ,-iOJi-tHH -. . 

cd o3 o3 

P P P 

Isfx] OO O Is Is Is W Is H &q is *s *s 

|ra ss & m & m mm §g § ts i is § co 

CQ IS CQ CQ JS WH ^WW WW^g[xlCQptlMg3^^ 



was 



o 

a 

a3 



^ 



^^wHvooowaivoHi<)q^tAcqH^^^Hrat-vooaiinoNWHiAH 

r-i r-i r-i r-\ i— I H H H n H H rl rH H r- 1 H i— I 

COW fe S W§aCQCQp£|CQ^^Piq^CQc3&C0CQ 0§ CO CO CO U S 



ghq4-o\o\oaivi)rir|coH h^O)aivqoqwK)coAoi^H^wj-co 

H H H OJ H rH OJ OJ HiHHrH HHHi-l H HHH 



1 



cd 
i-3 

id 
03 



I 



£ 



03 O 
P S 



S§s§|hw ^^^cQ&qtocQis ;s Is cq to is to to to !1 

CQCQJSCQCQlsggtQCQCQCQIS g^^COCQCOCO^CQM^SgcOCO^S 



CO S (x) 



ScacQ^S5lo]^ts|§w pqtoS 



W CO w 



VO CO ITNCVJOO OM-VOCO J-4 1 OJ-=|- MD ON VO H CVJOO t— l>- tOv ITW.Q ir\cO t- O M3 H 
H H rl H H H 

IS Is;s;scq|xJcqcq;s ;s is co co is to co to 1= 

; g co to K co is g>Jscococoto|scop£irs^gcocoS§ 



CQ CO }S CO 

CQ CO {S CO CO 



cd cd co* o3 ,Q rO 

> -=|- OJ -=j- H aJ 03O00 tfliAJ-VO-^voaicO^CVIiAOOJCOtAiryJ-cvi-d-VOOOO 

H Irt m H 1i HH H 

jo cfl 03 

p p p 



CQ [S CQ CQ [S 



SCQtSCOCOCQ |g g 






w ra s h 



0\4COh4lACOV04^QOVOfO,COaiH400HaiJ-0^)HONVOt-C«-GJ^ 

r-4 rH rH rH 

co co_ ;s §5 w|iS*w cQ^SF-qstoltstoco SKcocol! S 

HHCO-SCOWHCOggcO'SCQ CQCQCQCQCQISCQ&CQ;s^CQCQCqS§Cq1 



V04->OtOVOOJCVjCOqtOiKMf\H4VOO]COOHWOOHoOVOOJh(MCOONH 
r-\ t-\ r-\ r-\ r-i Hi-HH rH H 



S CO CQ JS 



IS IS § CQ CQ W CO 



HaifA4IAVOt-OO^OHCM(04ir\VOt-OOa\OH(MlCy4lAVOt-OOONQrl 



OJ CO 
hf^ LT\ 
OJ OJ 



CO KN 
rH rOk 
OJ 



OWO 
rH OJ 

OJ rH 



& c 



s 



8 

-p 

> « 

Xi w 
-P <D 



s 



rl 
O 
-P 
O 

r> 03 

3:1 



Pi 


• 


o 


rn 


•H 


d 


•P 


O 


03 


•H 


& 


•P 
01 


(!) 


> 


to 


rl 


," 


CJ) 


O 


CO 




^ 


<l' 


O 


(1) 




1 


1 


ti 


G 


o 


o 


tJ 


Ti 


(I) 


0) 


CQ 


to 



205 



KN 

IfN 
ON 



§ 

EH 



K\. H 

EH 



g 

EH 



VO CVJ ON OJ LA OJ CVJ tA C-- CO lf\ lTMf\ ^ VO CO OJVO 1^ CO OJ VO VO CO lf\ ON IT) CVJ J; VO 
H Hi-H r-H H OJOJH H H r-H r-H H HCMHHHOJ 



S 



CQ ^ W O] ^ CD 



w is E= !^ H is w ? H 15 

IS H E3 CO HfeawS&BS CO Is IS CO 3 3 



WOOVO^K>jtVOCUOVOOV0 1fM^OOrl4vOOI^OOH\OOWH\O^VOK\ 
r _ jHr _| r _] r HHrHHH H HC\Jr-lCVlHr-4Hi-l HHHHHi-iH 



00 CO 

-* H 
OJ 



OJ _=j- 
fA o 



WSBCOCGtOtQS^ 



hot to to co to to 
WWgjsIslsls^lslstsco 



ir\ oo -4- ^h ovococo^ kn KN vo ir- vo <u co co h vo o -4- -=*• co co r- on co kn q q H 

Hr-HHHr-IHHrH HHH H H r-H 

feco to § ^. to ^ £ £5 to to ^ h SE„§i@8-l^lis^l 



ON ON _=f- -=J- lAlA^VO KN HOO OH^^VO H lA H OJ IfN O H KN OJ O VO 4 tTN ON 
H rHHHHH H OJ H H H H W H W 



g 



H ON 



W CO 3 
CO CO Is 



a a a 1 g 



CO ££ CO CO 
CO to !S IS 



ag« 



CO CO fe CO 



KN VO IfN VO 00 H VO !T---=J-_=|- OJ KN KN f- KN 00 H 00 OJ O VO 00 tO CJ\ fO» O l>- VO KN KN 

r-\ r-\ H H r- 1 i— I 



CO S H S CO 
CO JS H CO JS CO 



fe sgH to pq fe a 

Ktowcocoisjscoists 



is S & co fe&toS§ 



VO OOOOO [^ [>- CO VO LA KN LA KN OJ t- O IfN "H CO CO VO t- ^ H CO VO t— VO CO !>- 00 OJ 



M ij IS IS P3 

H&qgggW stoHfeCOfe 



H to CO CO to CO CO 



KN H 00 KN VO -=f- H IfN CO 00 CO O J" -=h i-t IfN IfN rH -=*" VO KN ON ITN H UTN VO ITN OJ VO VO ON 



5:8 COS feCOfeSfetOCO S _ § S H 

coco^cow^to^g^tQco^cojsjscosco^g 



Is S H Is Is 



to' & 
co to 



SI 



VO OJ OJ KN KN ON CO OOVOIfNVOKNOWO^KNt- r lK^VOKNC\lCOC\l4 , OJlOk\0 



m p£| Is 

3 W CO to 
H CO CO ;s 



ts ^ 






o 



CO 



VO 
OJ* 



o 

OJ 






KN 
O 






KN 

kn 



8 
^ 



H OJ KN-d" IAVO C-CO ON O H W (^4 IT\^) h 



ohoj KN-=hirNvot-cao\Or-ioj knj- itn vo t— co on o 

HHHHHH HHHHCVICUCVJOICVIQJCVJCUCVIOJKN. 



S 

-P 

O -P 

> 03 

-p a> 

S3 PS 



o 
-p 
o 

CD 



206 



-d- 

Lf\ 
ON 



O 

H 

I 

O 

o 



§ 



§ 



KN. H 

EH 

pq H 

I 1 



§ 



5 



O 



i>5 



C0 
ft 



03 O 



NO O-3-00 OJ ON VO 00 K"\ 00 OJ O CO O N"\. ON MD O l/N -d" VO CO OJ li~N VO O KN VO 00 
^ OJ rH r-(HHCVJ rl H4 H W H W H (OH H (M H CVI 



|-£ W £= pq j£ fe ^ 



H fe W 
to to g 
H ^ W pq 



H ^ ^ 



s ^ to to to to 
ts ^ g *3= :* to •* 



VO-d" -d- IIA 1A J- J- H OJ OJ ,d- VO CM OJ ON KN CO ITN VO 00 00 VO KN OJ CO KN ITN VO CO LTNOO 
rHOJrHHHHOJr-fH H HH H HH 



!s Pq w 



toStoSSps § § to Eg 

toH^ts^tototol-s^sts^ 



^ pq 
_ to H to 



H 

to 

pq H 



^ g H H H 5 ^ 



pq fe 

to ^ s 

to to g to S 



ra to ^s S 

^ CQ 03 H ^ 



t—C— CO O00 ON 00 LPv-d" OJ -d" O CO -d" CO 0\ fO\ q vo r-! -d" H l^H r-jOJCO-zj-CO o 
H HHHrH H H H r-H ,-) H r-t H H H "H OJOJ _| 



H P3 P3 



to pq ^^^W p£ toto to to £c ^ s to ^ _ __ 

to^gwtoBBtopqtopqg^lspqpqpqpqtotolsrs^lseQpq 



pq 
£c CO 



; to to pq I i 
:to is pq £= g !s 3 pq 



pq ts pq 
to to g 

pq rs pq pq 



to to fe S fe to to to to 



is s to 



KNOJ OJ OJ t— KN CO V£) VO VO fO Q\VO i-H tT> t>- _d" OJ KN _d- -d" CO t— H -d" D— OJ KN ON 00 -d" 



rag pq 
> pq to 



to h ;s & 



ra to & ;■£ g js ^ 



fe pq 
_ to pq m 
S js g pq 



KMAlOJ-OW\OV{)d-4-\OtO<M00fO00(M^C0lO00a\lAO4(M H 1AVO t- H 

H H r-H H H r) ri 



jsS h pq 



W S ^ 



£= to 



-d- O ITN VQ HOJ H CM 00 OJ OJ VO lA IA H CVI 00 t— -d" r—CVIt"-0\[>-t*-,-|C0 LTN ITN VO 

p-HHHH r-fr-H iHf-l 



pq 

to Pq 

to ^ S to 



£s pq pq pq fe £s Pq fe 

pq pq toto Wto^^s^tofe ^to^fes 

rapqtopqs^^pqpqpqpqtoto^tss^topq^sgpq 



OJ KN _d" m> VO t— CO ON O >H CVI K\4- 1AVO t-CG ON O H CVI KN -d" 1AVO t-CO On O H 
HHHHHHHHHrHOJOJOJOJOJOJOJOJOJOJKNKN 



KN Jjr 

OJ 



tr- kn 

H ON 
KN 



O OJ 
ON VO 
OJ 



-p 
° ■£ 

> 03 

.3 CO 

-P QJ 

r 



OJ 



o 

KN 



H 



o 

(D 
CO 



207 



on 



I 



§ 



03 

EH 



EH 



1 






o 



£ 






CM OJ 



OJ VD 



H ra S: 03 g W 






ITNOOJ H 00 OJ00 KWO HVOI^COf-WOM^HOOJ-OOOOVO OWO ") -* "5 ^ 9 !!) 
— J -J r-lrHr-l H r-l rHrHrHrHi-i 



I, I, ££ pq pq H H fe W 

fi S' H S S H O 03 ^_ H £5 S 03 03 



»S 03 



03 CO a: 
03 J3: 03 



65 cg a to 
co 03 W H H pq 03 



on j* if\oo sr- t-- ^J- vo md mioiOJ t- oo ot<"\o t- md o\ oj iov^o o\ri q hk)K)^i- 

H HCVJH H rH HHH HHH HHHHHH 



03 03 03 

{S!^O3^^rWWWWO3W03 



&3 § 03 ^§§^&3^& 



JS^MtetStSiSlX 



VO OO 
C— VO 
OJ 



•a 



1 

Hi 



a 



Hi-HH i— IH rH r- I r-H r-H rH r-t 

o3&wo3^o3^w Swfes fei^wSs|| r ssgra|ss 



i^^d- fOvir\r-ir\ooo o o t— o p co hcvivo iAif\voot>o^ooovor<M^aj!>-(r\ 
Wolfe raSw fe i H m I % 5=S>§Scqo3^„„o3S 



tA \D H C*- lf\H Lf\ 00 -=J- t— -4" 00 IT\ _=t- rA \D K\ t— LA 0J LA lA O VO -4" 00 OJ 00 CO VO CO 
CQ&3W&03W03 03 H | I &3 CQ S||§&a&j§f!tSm p _Baa 



OJ tA OJ tA -4 -4- ON VO O OJCO OJ O IA £-- CO t— ^fr -4 M3 00 00 ovo r- vo t>- 00 00 ON 
H .i-l H H rH 









§§ 



oo 

d 



KN 
OJ 



OJ 

d 



OJ fA ,4 ir\vo E— CO ON Q H 0J hA -4 K} ^ h" ^ 2> £! d SM JO-^i 10^ £? 9P. S) 



HrlrHHHHHrlHrlWWOJWWWWOJOIWlA^ 



Ri 



> 5 
5 8 

S3 PC 



00 

d 



OJ 



o 
a 

!« 

>» 03 



208 



O 

95 



CO 
O 

3 






O ^J 

<3S 






^^^J^^^O^Q^>l>-CVJinr-l_3-CO CV10\KMAKMAO-=t-0Nrj0Mr\0l^ 



to Fq ^ to to 

t* CO W |2 ^ CO 



88 

CO p£| CO 



Is pq to cQSHMtQa^isSggwim 



OJ lAlAlACOOOlAt-J-HLPvVOt-^rHirN OJ OJ OJ OJ VQ CO H MD LA V£> OOOCVJ-d" 






CQH^gSHCQHJs 



g-=fOOJVOgvo_4-r-jr-jCO IAW AVOH hvowiaooovovoj-vo^wj^o 



to to ^ to to fe i! rs !2§ i i h S is 



HOV0400COfO\OrjVOJ-4-VOqc04 OJOOJVOONirNCOOJVOCVJCUt-Hf^ 



P3 S 3 H CO CO CO P£l 3 CO W to 

3H UScq com a] ^cocQgwgwcQpqpq^^ 



HOIl04l^VOI>-OOONOrH(M^JlAVOt-000\OrlCVI(OiJ-IAVOt>-COa\OH 

HHHrHtHrHrlrHrHrlCQ(M(MCVIGI(Mai(MCVI<MKMO 



M3VO OJ LT\V£) o\ g O OVOMD OJ hT\ H 0\0 COCOCO00 OJ OJ VO t—K^OO OJCO fA VO 
r-i r-\ r— 1 r- 4 H H 



w 

s > 



^silig 8s ^ i ^ si *g!ll 



S W 3 tQ O] S tSfxJ 



W H H ^ 



VOCOOJKNt-niO^COa\VOJ-lAHJ4 HaiOIHt-vOOCVlC000^ai4OO\ 






ISWtogjscocoSspclPiqpiq 



t-j- K\to^--d- ir\vo vo t- g ojuaoo qcvj vo to* co vo b- moo o t>- oo itnoj o o 10 

rH rH H i-l H H H H rH 






pq Sp-qp-qWHCOIslS 



ONrHmvoroK^vo-ri-ioLLPkOJ ONOxcoj-iaj-K^rHvooooojj-cjiAoococo 

■H H H rl rl H 



co §; co cojscosaicolijlsts 



pq pq pq pq CO CO 



pq J* ^ 

CO g pq CO & 



OJ KA_^ ITNMD t-OO ONO H W K\J IAVO f- GO ON O H OJ KN _=h IAVO t-CO C\ O rl 
HHHrlHHHrlrlrlCViaiWWWWWOJaiaiKMO 



> aJ 
•p <y 



o 

a> ti 

> a3 

-P <L) 



S as 

•3 s 



H 



a 

0) 



209 



O 



§ 

EH 






OS 



a 



r-JLTNOJ CTsrOiTNrHMD fT\ 00 CO VO J K> o 0\ H OH lf\ K> 0J ON vo vo K"\ -4; K"WO CO 



CM OJ t— VO rH CM -=t" lf\ -4" Q\Ot— MDV£>OC0-=J-C0 0J t—J- VOJ"-=|-lf\lAC^-d-(M E- CVI 



O CVJ LTN-d- OJ IT\ t— OJ -=*■ V£> CO K\ ,=}- V£) VO -4 VO t-iOkH-d- J- VO Os N~\ IT\ hC\ OJ CM OJ _=|- 

>*?► i — I i — I H 

^ Is t5 cq §5 & cq s IIIIhSIIcq acQalrawsicQ 

3CQCQCQ|SCQCQ^ CQCQCQ|bq|3qpiq|xlCQCQ[2[iqcQ Wp£l^gC0MtQ[x|CQ 



a si 



CQ^^rCOpiqcQEQCO 



raws I ^ 1 i cq cq S 

CQ H CQ WW^HpqMCQ^ 



H CQ I! § 



CQCQCQCQSc^SfeS: I! [| CQ £s CQ S 



g a @5 

JS H !S CQ 



ra > ^ h S I ^ I S 



K i K CQ § H CQ § 



rH CM N"\ -4- 1T\ VQ t"-COO\OHC\llA4!f\VOHCOO\OH(\l r<"\ _4 lf\ V0 t— CO G\ Qi 



HOJMD t— IT\J-V£) H f- OJ CT\ -4* 00 CO CO H O 



SI 



^ CQ pq 



^ § & § s s 

CQ ^ 3 CQ ^ S CQ CQ CQ CQ 



lf\ t— IT\ |T\ CM -4" ITXOJCO Lf\C0 
H H 



ISCQfxlCQ^JsgcQCQ 



H S SCO CQ CQ I |5 S CQCQ^CQS 5 CQtS H CQ gccl 

CQWS^CQCQ^CQ CQSCQCQtQtsg^^CQCQW |5 S>|3:|*|ShCQCQ 



OHWONWCVIIAVOVO (MJ-44C0O0M^KMf\O^VOHfnV0ff\^CMHC0tO 
H H H H H rH 

CQSCQgwiglilcQHifil CQ 13: H H ^ 

cQcQcoggHaixra HMWHgtauracQissS g cq 



CQ CQ CQ g CQ 



SK 



J- q t— cr\ co o\ co co vo covovo oj cm hvo t- h ir\ .4- vo -4- 0\ CO CO -4" VO CO H o 

,. H I I I S ggCQCQ CQ S § £c C§ @ S ^ fe CQ 

Sg[x|ggcQmg gCQCQBtS^lS^Wfiqwg CQHWCtl&JS&CQCQ 



5h 
O 
-P 
O -P 

> CO 
,3 to 



* 



H 



rH 

H 



O 

H <D 
5 



co 

OJ 



o 
-p 

cu a 

> aJ 
,d to 



ON 

H 



CO 

H <D 

CO * 



210 



S 

H 
I 
O 



o 



CQ 

& H 

EH 

a 5 
§ a 








u 




^-^ 


-* 




CD 

I 


^VOKNCM^l-gONVOONg^g^COVO^HO^^ ^ 


CM OJ 

ir\ o 


ro 






CM H 






-P 




v_^ 




CQ 


ft 

0) 
CQ 


IgisicQigiigg^liwSggigisligi^l g 


15 


S 
> 


•H 






_ 


rA 




•P 

CQ 


^ 3 ^}&h , ^^^1h3cm ;CO ^^^^oo-^cm mi^ kj^ 




IfWO 

t>- o> 


• 
vo 


<U 


6o 




CM H 




-P 


zs 




*— • » 




1 

I 


<$ 


isi^iig^giig^g^gi^ii^^gggggiii^ 


!» 


tat 


o 






_ 


H 


CO 


£ 


HHH H H H HH HH H H HHCVJHHHHr-lH^- 


S3 


• 


55! 


3 




CM CVJ 




•H 




^^^i^i s ^gigglgp I qcQS^|||ggigg^j 3: | || 


rs 






a 


^^^^^3^^^^33^H 3 covo gsS oo^c,c 3&L naiHc S oj 


o 

t— o> 


♦ 

VO 




p 




CM H 






hi 


%S*%m**%m%%%*%***%*$%n$%%%Bto% ^ 


W 








^ 


> 




1 

-p 


(Si ^oi rA c^^ \^^ ^ ir\\r\t^ ^t^j^ tc\co\^j^ t^t^\o a j^ tc\oi (\i t<\^ cm 


R 


vo 

r-I 












ft 

CQ 


isiglaisiiss-^lgngsiigi^lgsl^l ei 




1 


CQ 

■a 

•H 


•P 
CQ 


00 VO CM J- KNVO CO VO J- lT\-=j- t-CO H -=t CM -=J- 00 K\ CM CVI J- ^ CO -=h t- KN J- ^ O- to 


ON 
ON 


CM 

• 


> 


:¥ 








•a 

03 

hi 

d 


«: 


igi^gig^gias^g^gicQii^^ggsagii i fe 


!* 


!* 




| 


COOM>^cOVOVOVOJ-OOQO^COqa]^HH4lAOIONVOJ-OOVOt«-CO r>- H 

r -l H H HHH H 


CO 

KN 
H 


-4- 


•H 


•=> 








a 




S!s& l & i s& g|gglg Mra g & i||ggigg !s:s ||| 


!» 


^ 




CD 


OOai4^VOV04COOOK>VOVOO\NVOlf\4VOVOVOlA^t-HO^Ht-H CM 
r " 1 - H H H H 


H 


ON 

» 
KN 




<? 




H 






is^l^^Hl^ill^l^^^i^ll^ililggl^ 


> 


^ 






O 
■P 


*H 






O -P 


O 


SH 




CD a 


•P 


^ 


H CM rr\J- if\ VO t-CO O\0 H OJ K\ Jt ir\VsOt*-caO\OHCM N"\-4" lf\ SO b- 00 ON O H 
HHHHHHrHHHHCMOJCMCMCMCMCMOJCMCMI^KN 


> 05 

-P 


CJ 

CD 


CO O 


S3 


^ a 


o S 




,3 CQ 


:>> 3 






■P CD 


3H 








& 


a 



211 






o 

a 



CO 

t i 
1 § 

EH £ 



EH 



-p 
ft 

or 

CO 



ti 
a 



-p 

I 

u 

g 

o 

UJ 



-d-co in ir\ OMfM^ ri o\oo tr\H^o irvt^-ioihOiLfNino-d- oj roco co HVO OJ -4" CO 

-'• .-.-..-.. OJOJH OJ rH rH OJ OJ r-l OJ rH t<\ r-i r| rH 



OJ rH H OJ OJ rl OJ .H 



gg*£g 



aa > w 



CO* W CQ &&^CCQpCQ^&&CQPiq § to 

CQCQt3E^CQCQCOt2^CQC0COSISCQCQ^g^ 



CO _=J- -rj- CO -4 CO fOkO^OVO OJ U"\ OJ -3* VO K\ OJ ITv HOO OO CO lf\vOOO J- VO 00 00 1TN-4- 

rirlHOJHHrirlH HH — — ■ -■ - 



IAOI rl H 



OJ OJ rl rH rH H 



|S CQ 



ra to^tofeco i i I I ^ s 5 1 s S&^SfecQ& 



CO H ON OJ tr\ _=J- CO OJ O O -=J- K\OI OJ t--» ON MD KN CO CO -=J- CO V£> KN -cf- I>- CO CO CO C— M3 

1 HrlH rH rH H H rl H rH rH OJ 



OJ H rH 



gg 



^ ^|2 a 






OJ OJOD OJ CO 0\-=t- rHOO t>-lAVO H J-VO VO t— -3" -d" _4" OJ OJ H tA LT\ -4" tAKNVO tOy 
H H rH OJ OJ ......... _._... ... 



rlHHHOIrlHH 



OJ OJ H rH OJ rH 



H fe ^ IS to ;s & ^^fecoco cq I ra I w ^ s ^ !^^S & 



1 



5 



a 



"5* 



OJO\OJCOtf\K-\00 HOAlT\r|4C04J-000\tC\0(MVO OJ-=J--4"VOOWO l>- ON 
rH rH i — I rH i — I rH rH rH rl i — I rH rH 

Sfc^—^S^S £ D§pqCQ fefefeto|tQSSfetOF£| -I CO 

^ra>WJsgftjZig*J|iICQCQ»J>WMra|s5lQmtQR!SCQCQ|sS!S 



-d-OJOJ-d-t-OC—OCOoOVOOOVOOJ O\00 H KNV.O lf\ ON -4" CO r^^J- OJ -4 0\ O 00 t— 
H rH ' H H rH rH H 

^MW!S|S|S^la|jS>CQIi|gl*||z]tsgfeg|j!xSa>SS>g|?CQ 



LT\ KN VO CO KN CO mcO VO VO OJ OJOO OJ -* VO ^J- OJ H lf\ KN rH O CO OJ J- H H H IfWO 
rH HHHHHHrH 

^^^ll^is^lSll^tOS feScQCQiZCQfeCQ&CQfeSlS 

HHir\coHojif)iAin^oq^-o>^ooo\ojojj-j-hcoiAincooiJ-oj 

rl rl H H H n r-l HrH rl rl rH 

l^^^ii^^^r*^^^ 1^ 0§ CO* |j CQ £e £ £s ^S^S *S 



3 oj 

OJ vo 
OJ 



OJ OJ 



ir\ oj 

OJ OJ 



iavo 
rA h 
OJ OJ 









OJ tA-=h invO O-CO ON O H OJ KN-4 lT\VO t-00O\O H (M K\ .* IAVO t-00 0\ O rH 
rH H H H H HHHHHOJOJOJCVJOJOJOJOJOJOJrOrTN 



8 

•P 

<y a 
> cd 






on 

♦ 
KN 



KN 






s 



rH 

o 
-p 
o 

r? ^ 
•iH 



212 



rH 

I 

o 



o 



1 8 



I 

o 

I 
o 





1 


lAr)lAocOCViailAlAO\OOOVOOO 
OJ OJHHH H KA OJ OJ rH OJ 


OJONOOONOI^-lArHOOOJ OJ -4- -d" OJ CO 

cvi rf\ cvj 




ir\ cv 
OJ tc 
tr\ r- 


-^ 
-* 


CO 


-P 
ft 
<u 

CQ 




gs§ B S^ggslecolg 


% 


fc 


•p 


+3 

CQ 

I 




o 

vo a 

OJ r- 


rA 

in 


o 

a 

aJ 


* 
g 


^h^h cq cvivqqqtnos oq vocvj-d- 

«-HHHrHr-lrHi-IHrH rl H (M 


s^sis^si'-sssss^™ 


^3 

OJ fO 




•H 

,3 




^^^^^8 CQCQCQ^feCQCQ 
Wt73^CQ^^^^^CQc3cO^^CQ 


m si>i^g mra 0|gg|| H 


i 


I 




8 
3 


d^s^^asisi^^s^as 00 ^ 


oj oj vq K)ir\o\ino o h kmavooo o 

H WrIHHrl HHrHHrHrHrHrH 




-3" IT 
-4- 00 
OJ ro 


CO 

3 




|g|^sgggg|g|gll 


,« 1 1 ^ ^ 1 ^ S CQCQCQSKCQ 
CQJ3:>CQCQ^CQCQ3^tS^IS&3C0 




s 

> 




(U 

1 


f°krH OJ O OVO VO fO(CiOVO lf\_=f VO O 


oj ir\-3- mo-d- rot-mH hcvj oj h -=*■ 

•"H H H 


vo 

CO 


ON 

» 
OJ 




-p 
ft 

(D 
03 


s s i i ra 1 1 m h a m 


g * S s g^gg* IgaiS 


i 


i 


CQ 

* 

•H 

!* 
3 


+3 
0) 


H H-* qoo J- hr\v£> t-oco m t- t— rc\ 

' 1 H H rl rH 


r-i r-\ H rl H 


8 


o\ 

OJ 


4 




js 


i* 


aJ 

•H 


s 


q^CONHOOOVOVOlOVOrHOJ-|T\ 
H H H H H rH 

^ml^^ra S to w w fe S to 

t0tQ^CQ|2^|3:^tSCQCdCQtS^CQ 


00 Sh 00 -^ 00 ^-^Hojcooovo OJ o OJ 


o 

H 

OJ 

is 


CO 

• 

0? 




1 


t- CO -4; t>- vo -=J- K)OQ roooOO\iA^- 

H rl rHrHrHrHHCVJ 


t>--=l;qcOQOJNAV£>VOI>-OOOOOJVO 
H H H H ,_| H H 


m 

OJ 


• 
CO 




! 8 ! * £ £ g £ S ! g ! g ! ! 


, rt 1 1 ^ ^ 1 >% &DC0CQ&CQ 




1 


O 

aJ 
P 


.a 


HOJt^4lAVOI^-COO\OHCVIlA4ir\VOt-caONOH(MK\J-mvOt-COONOH 
rHHrHHHHHHHHCVJCVJCVJCVlOJOJOJOJCViOJKNrO 


8 

<L> PS 
> aJ 

.3 CQ 
+3 CD 
£ Ph 


u 
o 
-p 
o 

& 



213 



H 
ON 



o 



H 



95 






00 ^OOOJ- mqONOVOJ-J-J-Ol ^-00 KMA^OCO CVJCVJE— IfNOVOVOC—OOKNON 
H H 0J HH H CVJ H -■ "^ ' ' 



CM 1A 



^ 5 a 






md t-cotfNovqir\ir\vqcqqocvj^QoOQ^cqq o ojvooo H-^o\o4co h 

H OJHHHHHi-lHr-lHH H H CVJ H CVJ HH H 



b--^J-Ht--aDI>-(M^C , -HH i ir\|>-OVOO\VOt>-t^K> CVI ON H VO 0\ t^- OWO -^ !A 
r-{ ,-\ CV! H H H i -. . . 



CVJ H H 



^ I CQ | S § 



S25 H 03 

w w di ra h 



CQCQl2!CQ§CQraKl ^H^coiiii^^tow 



s 



K\ CVJ 

<M CVJ 



ITN CVJ 
CVJ CVJ 



VO H 
H O 
CVJ ■ 



KN 



On CO .4- CO cvj-=f CUCO K\ |>- J- t— CO vo t— t— on CO -=*■ H rr\ovo_=J-co^-vo^t t—cvi 

H H H H H r-\ r^ 

q^qqGJWV0lA^^WW(MV04-4-t>-KMnj- CVJt--=i-KNirNKNKN-cl-_3-CVJir\ 
H H H H H H 

S !§ — iS ^ ^ to !S S HwH^^^ISSW W S S > |X §1 



^Hinrat^g^ONOH^vococovoirNvo-=i-cvicvj vo-=j--d-LTNt>-ONifNocvjif\i>- 
-d-o\Hgir\j-cvicvij-icvi>-rc\ovOJd-vOJ--*if\oo -=t-vof>--d-cvj-^-vo-d-ONCO 

H H H H H 



8 






H CVJ KN -=J- ifN^ C-CO ONO H Ol lA -d- IHVO t-COO\OH W (OJ- 1AVO t-00 ON Q H 
HHHH HHHHHHCVICVJCVJCVJCVJCVJCVJCVICVJCVirOKN 



a 








-p 




^ 




O 


+» 


() 




& 


£ 


■P 




> 


01 


o 






-P 


Q) 




s 


H 
3 


> 


a 


A 


w 


S 


cS 



+3 <U 
Im Oh 



•h a 



214 



OJ 
IA 

o\ 



O 



§ 



CO 
EM 

a 5 



I 

o 

I 
o 





a> 

! 


cow SSSS3°^ COf - ffl a33^^§ffl^^^ SS 5ooo af - 


CVJ <M 

ta cv 

OJ OJ 




CO 


ft 

CO 


iii»«i«.*»SSSills (a 8|| 01 gg B! ,S gS g 


85 


ss 


•H 

(U 
4^ 


-p 

CQ 


W 9d9a^*lS»3<*ia3^S3"S w «&8!<}33'^383 




CVJ 

K*\ 
OJ OJ 


• 
vo 


1 

1 

!n 
<U 
!> 


■3 


islsgigig a ssisgsieesE3sigisisgssiee3 


8 


s 





£ 
3 


™^3«^ 3^-3-333-33 2 333^ ^^33 


R85 

OJ OJ 


VO 

• 

o> 


H 

•H 

a 




lsgil^lgia| ra ||| ra 8i^ g | & g^ gsg | g | 




is 




§ 
3 


cocvj^^vovojj^ooj^^.^aiaj^ajvqcqos^vo.-vogg^^g^ 




OJ H 


GO 






g^l|S8ggg0gl >ra gli||gPg|gg|||g|g 


& 


> 




•p 
Ph 

0) 
CQ 


-^HgrjvOt-gocOirN^J-vointfNVOr-cvlg^cOKMTiCOinov^Hvo^ 


3 

8 

& 


00 


10 

1 

•H 
J2 


-P 
03 

I 


rH H H ,-J H 


3 




<d 


Isl^g|glg ra ssi8lg|gggsigia^g8lgg 


& 


§ 


1 

>> 
H 


1 


"^ r-1 r-l rH 1— I ■ — 1 ■ — | f-| 

§*BS!*fe9ftigg a ggi a ft£ ! ,Bg !l .fe ! ,ftiKsig£ 


1 


O 

1 




i 


^co.M^j-gooaiKjcjg.MiAHco.rNoogHvoai^.A^.ot-aj^voo 


O 

ON 


O 

KN 






g^iiBsgssggi^^giiiiggiggiiigig 


& 


Js 


O 


1 




h ojrOij- trwo t- co o\ o h oj ^4 ir\ vo r- oqono ri w iaj- ir\v£> t— co o\ h 

HHHrHHHHHHHOJOJOJOJOJOJOJOJOJOJK\N~\ 


-P 
O -P 

> a 

& CQ 
+3 OJ 


O 
■P 
O 

>> 3 



215 






3 
3 



S 
H 



CQ 

n 

8 











^-x 


o 




1 


3«j^cga-*®^^^asa&-* ^^9 Rosas' 


ON t>- O H -* K> J>- 
H OJ CVI H H H H 


85 

OJ CM 


00 














CQ 


WW DQ^pqsSsii CQ S= £ S > £ _ 

laisiiicQwgaggpnaratsis^BB.wwcQaga 


5c CQ S g CQ 
CQ CQ 55 Js & S CQ 


8, 


is 


03 

1 








^-^ 


ITS 


s 


•P 
03 


^HaDir\^cgtAc\jMDOJHoocoi>--=i-in.ir\^i-cvjiPvHOJco 
H HHHrHr-l CVJ H H HH 


ir\^j- „=j- k~\oo ir\ its o> 

H H H H H H H 


CO t- 

ir\. o 

CVJ H 


K> 


-P 


4 


wMScQsSScQSScQCQtSCQtS^tsSaBcSszttS 


CQ 5: CQ CQ CQ 5S CQ 
^^SCQ^IS^CQts 


s 

!» 


1 


> 
O 








^ 


V£> 


•H 


1 


tQW CQ CQ CQ CQ M 1 § CQ CQ £: Ex] CQ £5 
!SCQ^^CQCQJS^:^^:j3:CQCQCQJSIx]>CQCQCQg|ilCQ 

a] a! 

-P +> H 

^ S -g 

5 


IACOVO00C0C0 OJ Os 
H H H H H H 

|S CQ CQ CQ £ CQ pj 
^CQCQ^^CQJS^ 


CVJ CVJ 


1 




! 

■p 
ft 

<D 
CQ 


O ir\KMX> CVJ -* 00"-* lf\ LT\ CVI CO o\ fr--* vo -* cvi ovo cvjooco 

HH HH H H CVJ C\J OJ H H H IA W H H 

CQCQ ^@lll^ CQ & > ^ ^ & 
CQ^pqCQCQgSSSWCQCQJStSjSCQ&CQCQCQCQSS 


ON t- O H -=f- K\ t- 
H CVJ CVJ H H H H 

&: CQ g § CQ 
CQ CQ CQ JS g g CQ 


3 

CVI 

IS 


O 

• 
CO 


03 

1 

•H 

a 

3 

* 

•H 


■P 
03 


-=J- H CO tf\ -*■ CVI tO0JV£) CVJ HCOCO C— -4" LT\ lf\ -=i- OJ IfNH 0J00 
H HHHHH CVI HH HH 


m -=J- -=*• K> 00 JAIT\0\ 
H H H H H H H 


1>- 

3 




< 


| a pq w HtatQWH cq cq aJsctxi&q 


CQ ^ CQ CQ CQ & CQ 
JStSCQJS^^CQ^ 


S 

!» 


1 


i 


S^^^ SS^^S^ SS | to § s @ I s 

•XCQtS^CQCQt$!5tStSj3ECQCQCQ!xpii|^CQCQCQgp£lCQ 


IA00 VO CO CO CO CVJ ON 
H H H H H H 

SsjcQcQJisszicQtsjs 


cvj 

[A 

CVJ 

1 


ir\. 

• 

1 




i 


3 

aj cq 

•P -P H 

1 










1 




H oi «.* m^ h-eo <* 3 rj 3 kj^ jjsg £3 3 o H cvj kj 3 ujvo & aD gj g> H 


8 

> s 

If ii 

la 


O 
■P 
o 



216 



-3- 



B 






H 

EH 



I 






g g ^ js 



r-lr-JrH rl H Gl i— I H 



03 O 



SS^SaS^S^^^S^SSS^S^SJS^ 






sisSmSas w 



33 o^o, c*g oj ^aj 90,33 g g g ^3 g j^g^, g «, g^ ^ 

!tais!ii!*gai, n! , ! ,iJ|j£&gEa <0 



*S|i8BSiinN§liii-H„l_^^gg?S 



^^^ON^co^^j-g^OjONOiojcoc^vojj^j.KNcovoajo^j-covgaj 






ra ra a H B w 






rl W ^4 IAVO hCO 0\0>H 



cvj rr\j- tr\vq t--0QO>O H OJ 1^4 irwo t>- co as o H 

HHHHHHHHWCVIWaiCIWCViaiWWlAfO 



iA s 



CVJ -d- 
OJ H 






$ 

H 



O 
-P 

O -P 

> 03 

.a cq 

•p a; 



s 



ON 



u 
o 
-p 
o 

i* 

>? 03 



217 



ON 



o 

{23 



5 % 



o 

IS 









^ 


t- 




1 


^OJE^OCO^^lA^CO^HCOO^H03cX>vqcOI>-OOJl>--=j- fOvtOiOOVDVO 
H rH H OJ H OJ OJ H H H OJ HH H HrH H 


EM 

OJ^rH 


KN 




ft 
CO 




I 


£ 

^ 


CO 

1 






^ 


CO 


r-t 

-P 

1 

1 


+3 
CO 

I 


covo oco o owo o\oo ur\ ir\ o vo if\ ro, h tr-t—oco ro -=r o ojvo k\ k\ tr\ t— o t- 

H rl rl Ol HH H H lA H H H H H OJ H OJ H H HCV1 
MJstoatQggglxlCO^ggCQ^EitQCQgtQlS^S^S S CQ H W CQ W 


7l t ~ 

OJ rH 




> 
O 






^ 


H 


CI 

1 


1 


OJ K\ KN K> CO OJ VO OJK>OLT\CVI IT\KM^C0 K) P 4 rl O) J 00 H 00 HV0O4^(0 

CJrlrlH H rl W rl H H H H H M rl H H rl H 0J H 


% ON 
-=t"C0 
OJ H 


VO 


•H 




CQtsJstSCQJS^CQCogsgcQCQCQCO^^gS^CQ^acO S 1 1 S CQ S 




1 




3 
3 


C> ri t- _=t" CO Q\ KN ON OJ rHOJCOHHOJ-J-OiCO IA00 O O00 ON C\ OJ HOJ OJ H 
Hr-i OJH H rHr-1 OJHH HH rH OJ H rHHHHOJ 

Sajs§§CQSFiqD§CQC^CQ^IS^C0^:r3:CQ^CQJS!S^lS §j £s ^ CQ CQ 




VO OJ 
OJ OJ 






1 


l>-H^^^C0 0J^h-^^H^VO0JVO-=t--=hCO^--4-lf\VO-4-00 OJ t- 0\ KN CO 




OJ 
OJ 




-P 
ft 
CD 
CQ 




s 

& 


1 


CO 

■a 

•H 

!* 

1 
§ 

J! 

■H 


•P 
CQ 

! 


q K"\. m on q Lf\co o -=h co kn ltn o\ co t- vo -=*• J- vo on oj co H h rr\ t*- t-- kn .^ m -=i- 

H rH H H H i— I H 




OJ 


1 


^•cococo ir\i>--=h oj on oj q co ro co to. h co vo cvj t— co onH c— itn t-j- ro, 01 ro co 


1 


VO 

to 

1 




§ 


OJt-^lTNqvOOJOJOJ^aDlAIOkt-E^tTN^lAOJ^VO^^ t- c*- co co ro 


5 


• 




*"3 


**%**%%%&%8% **%&*%%$%%% **%*%&% 


!3= 


& 


1 




H^4^VO.-COON S H 3S 4 S ^ t;S3 OH W ^ 8S&S8 C,H 


it 

> 5 


rH 

o 
■p 
o 

i* 

& 



218 



CO 



CO 

H 









a] 






H(Al^4^JlOVOt-W^K)00\Or|o\OOCOH^ONrlOlAOOHCOOlA 
H "-I HHHHHHHHH H OJH 



ojoovovo hod ir\rc\qi>-ir\_=i-voco cvj ocovo oo if\ OJ -=l- -=*- ojco H. rAcvj cvjoo 

1-1 rHiHH HH HHHrHCVI 






iiggi 



H H ra § 



pq W pq pq pq co ^^ggcQCQM^Kl 



ts " 4( 59 w 9 0N !D^ IAV0 9 J ;Q ,( ) c Q ^--^ o\vocvioovoo-4-E>ot>ai(MA 



H H H H H 



H H H H H H 






•-•CVJ h H H H H HHHHH 






pq ^ K H o§ !§ fe c§ 

pq pq CO EG CO g pq M g^.H 



pq CQ CO > Js 



H GJ fOkJ-mvo t-CO ONO H W (f\4 ^^O t-CO 0\0 H W IA4 lAVO t-CO 0\ O H 
HHHHHHHHHHaJOJOJCVJCVJOJCVJaJOJOJtArA 



vofOvr-jojvo qoo J- J; cvj vo qcoco iaokma o-d- ir\-d- oo o\ cm o oj cvj cvi o 

H r-i H CM OJ H H ,-IHH i-H r-l r-l r— I rH 



^co^Bglg^gi ^gg|| co= t? S i ts S @ 



His is ra I? i „ ^ ^, 



ooro i roir\_d-co , <ooovovot<A-=i-ir\vo itnhojvo co cMOHK\-d-covocvi^ocoir\.=j- 



vo k\ m q u^vovo q m k\ vo -=* vo vo t-vo^t-d- o\ _3- vo -=r doovo j- ir\ ir\ co ^- in 

H H H H H r-4 



WgggEQCQCQHW^gwW^Hg pq CO CO CO 



tS > ^ J* pq 



h ir\ ir\ o\ oj vq q H _=i- vq ,=*- oo vo ifM>j- j- ir\ ir\o mat H-d-vovo m vo t- go 

i-J H H rHrHiHi-HHH HH HH r-\ r-i HH 



SpqtoSpcoisco §§ 



iSlSHtQtQjS^^COSWCQgcQpq JsSCQW^SlxlgjS 



3 £s jz; 



* 



o 


•p 


(1) 


CJ 


> 


al 




+3 


£ 


3 


,£ 


to 


-p 


a> 


fl 


« 


o 




S 





•p 
a -p 

> aj 

*3 

.3 to 
-P (D 









o 
-p 
o 

i* 

H 0) 

s 



ON 



>> cd 

H <D 

•si s 



219 



w 



1 

O 







VO 


ojo tON^aD^O^i^cOvo^ON^-^u^^N^qhCNiTNtOOJ q0JK~\0J0\-4-O\-=i; 
,Q H rH H H r-l H H H i-t H H H H H H H Hi-i 

I 


3 


KN 


CD 

S CO §j § (3 CO* Js P3 W § oc! § CO 3 3 ^ 1 MS 


> 


> 


KN 




o 


OJ 


OJ 


* W p£)P£i§|xl^§i2iW^CQ>SSSSKsa!S^C0 CQCQCQCOCQCOCOESCQ 


g 


s 


a 

5 




o 


ri on iavo if\co ir\ b- oifNOo^f^vovo ia oj iA ia ^ ai cq oivo fovo cvj t-qco vo 

CtJ >* ^ H H H H H H H rH 

£? £ CO CO H § H S CO* IS pq H to £e §11 S i |x| S I § | 


OJ 
On 


to 


^ 


> 




o 


tf\vo-3-vo t»-oo\4- ir\ trwo ir-vo r— vo \t\k\co k\ cm ir\ ir\ co h co HOJ-=ht-ir\ 

<D rHHH HHOJHHHOJ 


s 


OJ 


ha 

pq ^^^B SB aHi w^l § § S |j H 


II 


13 


° | H 01 K^ ^»0 t-CO OX g ;j g 33 JTN^ £00, OJ g H Oj KJ^j UJ ^ £ » OJ g> M 


O 
■P 

° i£ 
> td 

^^ 

,3 ca 
■P CD 
ti PS 


H 
O 
•P 
O 

-»« 

H <U 
■H S 

P 






O 


<u oo io\ir\oocovo cm o\oo co ooo q -=J- k> tfN co ^ oj qvoo\ cvjvo o-d-vo mj-co 

fQHHH H H H H H H HHH i-iHH 

1 

9 s|SliSmlH§la| l^li^^la § to E§ ^ 
cols gjswHHHMHwmcQMU>^ts??!saa gcQ^w^jsco© 

CM 

i -p co q^ch^wiAvoHwjwHrjwH!^o\vo^iot-voc^qo(0^voq^ 

1 ? 

is *ai_^l^Hi^ ^S _ StoSSS to p£j ^Ih 


21 


-=h 


8 

is 


1 


fc 


ON 
r4 


CO 


W? 


c L °° rjtTQQcyqj-iot-voriqvo^cooovowcoqj-cofoqqoNj-vooc^ 

03>> HHHHHH H H HOJr-lr-lHHHH 

5 s hS S w £ to to IS S>S cq § &c to to to C? *s js > 

•h co wutswwg|5!spti|»iii5gco[iicQO]HwtQEs jscocQjscogtorsw 


3 




£ 


s 




CM 


xOoOrjb-qqqjoqwHcococoqioHqqj-qj on^-coojook^^j-cvj 

CD H HHHHHHH H CI H H H HI H H H 

1 

CO £ CO ^ jp % CO !S ^ CO jl i§ B B H S |S !§ I§ 1! H 


VO 


c5 


i 


8 


*H 


O -P 

^^ 

fl CQ 
■P QJ 

r 


O 
■P 

a 


° | H CV K^ ^vo «-«, OS g H g| J} 3 ^ &g Of g H a ^^ .AVO & « oj £ H 



220 



% 






OOOJ-^OJVO OJ-*^tl>-O>rHLr\J-VOC0VDlPv00-=t- 
1 ' ' I rH H H H H H rH 



3 

jscawiits g pq pq pq 



f- CO ON IfNCO lf\IAC0 O f^HcO t-V£)00\£) lA^O C\l CVI O00-^C0 -d"J- OWO GJOOVD 
r- 1 H H H r-\ t-i r-\ r-i 



CQ 

pq H 






in 

ON 



da 



-=J-0-=f J-COOO H-4" o 



CQCQfe S § W I a to § § eq pq to to 

CQCQaHWWCQggliiaigg 3 CQ *S to Js 



I W W 1 pq pq Ij cq pq & ^ 



pq to H pq W W 



to pq pq pq pq ;s ;s pqpqpqcQ£e!ziggpq 



pq CQ CQ to Is 



K8S 



WWHhhVOQir\^a\Or|OWVOCOOWO\^hU)J-4-^faoOOKM^ 
r-lHrH H HHH rHHiHHiHrH HH 



pq to pq to cq coiiiiiSwiliMratQCQte^ 



lllfe cq pq 
pq [s pq tQ CQ CQ CQ 



h « « ^ ^vo t-co on g M cj kj 3 jrjvg £<g OJ g jj CJj KJ ^ flVg & ag gj £ ^ 



CO ^O K"\ LfN_=h VOVO IT\ ON CO ON ON IfN -3" CO lf\-d" H OWO ON CO CO -d" tO ON CVJ VO VO -=h 
H HCUOJHHHHH HH H 



e? H s 



pqjipqpqgpqpqpqpqpqpqgpqjs^g 



85 gS 

£s > ^ Is pq pq 



o a\faH j- vo ai\o oj H^voot>-oovovovooot>-rrNOJOKNON-=horoov£>-=t- 

HHHH H H HHHHHHH 



OlA4jO\-d-^t-lArjCOajHLfNailAJ-ONE-OCOJ-CJ!>aJ 1TN CO tf\ H GJ CO 
pq pq [i g pqpqpqpqpqpqgjs^gcQ^^JsgpqpqfeCQ CQ CO to w ^ g 



J-OC0^4VOrlO\HOlAVOnHOO<MVOVOHCOJ-rlOOVO lf\ (M H J H ON 
'H HHHHHOJ H H H HHHHH 






£ £ g 



__ _ S S to | H to fe pq to fe pq topjsS 

SStoto^^gtoJsgpqpqtotsto g pq pq £s g pq 



to 1 to* cq co 1 to 1 

pq pqpqcQ^fepqjscQpqcQto 



iIHgE3 ggse 

pq fcs to |5 to Js g Js pq pq 



> a5 

,3 to 
-P <u 



ON 

d 



-p 
o 



H CM K^ LTNVO ^ CO ON O H Cj KJ Jj £ VO ^ ^ ON O H CU £ -* jTN VO & CO ON O H 



-P 
> 03 

£* 
-P 0) 



U 

o 

•p 
o 

H tt) 



221 



^ 



P 
CQ 



S 






>3 



t— ir\ cvj t— ir\ kn cm o\ iak\o d— oj o\ vo ltn o on on ltn t— -d- oj h on t- i>- o -* -* 

H r-\ r-\ r-\ r-\ t-\ r-1 r~] r-\ r-l i— I i— t 

cc! co wfel&^rass SssBSca _ w _ |||wp£i§S| 
wwsarasscQWMra^^M jstscQpqspqspqSs^tsScQcQcQia: 



_d- irxoo m,d- on t— cm o ltn knco vo t— ltn on vo -=r o ltn cm c-- e— c— vo kn vo co vo -=i- 

r ^* H r-trHH HHrHrHi-1 H HH 



o a 

34 



ti 



id § § cq k> ^ _ cq ^ cq 



S* H pq S5 



8: 



WHWW W 



ir\o\oo\ir\cMOMD aio\^-^-oooooaio\o^oovo kn k~\ o\ co oj kn vo on oj ir\ 

H HrHHHi-l OJ H H H H H 



CQ J* ^ ^ •* J» pq 



pq H £ § 1! W I CQ 1 I pq CQ S pq pq £ 

CQ pq S pq pqpqpqcQgpqgpqpqcQCQjscQCQfgiJs: 



pq 13: pq pq pq 

CQSS CQ CQ pq ^ 

CQJS&pqpqpqpqcQtQ 



CQ CQ CO CO g CQ CQ pq pq g SB -.. 

pq CQ CQ jsspqjsjjcQtntaaHpqrarais 



OJ |T\4 IAVO t- CO OSO H CM *">-=*: lf\ VD t- 00 ON i 



rl CM (A 4 IfNVO t-CO Ch 
CMCMCMCV10JCMCMCVICM 



Ri 



d" CO I— CO t— LTN 1^ D-- O VO OJ 1T\ ON ON t- CM KN t- CM CM VO -=h CM H -4 -=h 0-3- CM if\ 
n * HHH Hr-lr-lr-IHr-IHr-ir-lr-IH 



JS CQ tS 



pq pq g |i g pq Js |5 ;s 



S § CO pq ^ CO* CQ 

pqpqrscQpqpqcQCQCQCQ 



.p KN KN VO hlAO tfM^J OJ ONO\ J" J- [TWO KN ON CM O LfN-=J-ONONKNOJCOCOcO-=J- o 
W r4 r-\ r-\ i— I r-ir-1 HH HHH HHHHH 



I 



o- q rc\ oj vo vo vq co kn oj it\ -=j- oj on o o ^ou) c^fa(A04 ltn kn oj r- h vo o\ 

HHH HHHH HHHH HH H 

g|iliilCQSHga^|5WHC0 pqpqpqpqpqpqiSjgjSpEtSCQEsgcQCQ 






&<g 



si 



pq pq p,q S ^ js to g Js^CQEsis Ispqpqsts^cQpq 



££ pq pq pq W pq CQ 



H CO CM H-=J--4- CM ON CO K^VOOJVOONVOVOVO-4-CO CM OJ H O b- IAIA4 t-- !>- VO 
H HHHHH H HOJHH H HH H 



CQ S CQ 1 1 CQfe^SSS^CQ^CQ pq§0§& 

CQpqpqpqpq^^^cQCQCQCQCQ pqpqpqpqpqgcQpqMgpqg 



|S pq CQ 



■Ri 



R 



R 



+3 

O -P 

<D ti 

> CO 

rti CQ 

-P <D 

ti tf 



O +3 

<u ti 

> aJ 

rti CQ 

-P CD 



O 

H 



o 

H <U 
5 



co 
o 



o 

CM 



ON 

H 



>? 03 



222 



CQ 

H 
H 






I 



CQ 



ON 
ON 



5 

& 



* 



3 3 3 « «}*> <* Of r^ on knco oj 3 irt 3 .* o| Oj .* 3 3 ^ c, 3 cv) vg g o| 
S 1 1 S ,0 S 1 ^ 1 1 g W 1 i g 1 1 1 co S I I 1 w I 1 g 1 g 

QOOK\K>kOOCVJrjO\ir>t— KNOONH lAONWQOIO\OVOCOJ-COHKMnO^ r-j 

IS 11*111 |g gS8 (3 8 BS*B IBS H 



vovo<»qcviHCVjt— vgojq-d-t— oo ^QHQWrjJ-oi^oooMAOOONHio 



23 



& 



■a 



a 

§ : 

•H 



>S>§COCQ^_ 



S g|8B5 

pq cq cq js g pq cd 



g 13 85 

a CQ CQ CQ CQ CQ 



H rl H CVJ 



^ CO* CQ § CQ CQ £s £e _ § CO* S CQ§ Sc§ S S |*J ^ 

^:CQfx)CQg(x|CQCQCQ[x|CQ^Sfiq WWH|il5>S>^HWWraS 



WlA^lAVO^(O^OHWlAJ-lAVO^CO^gr)OlrOJ-lAVDh-COO\OH 



ONCVJVO KN_=J- t--=l- OJ ON V£> CO CM KNOJ IT\D— OJONCJ-d- IAIA MAIAO ON^O CMA 

■H r-\ r-\ HHr-tHHHrHi-lHrHrH (M 

F3 & S KCQ& CQ CQ CQ S H CQ CQ CQ CQ ^ H 

Sa^pqS?WgSCQ^HM !S>(xtCdCQCQ>CQCQCQ!X>JSCQCQ^ 



O KN>-0\ GJ J-CO t— K\ l>- C— -=J- ONIA ON K\ ON CO ITNCVJ-if KN t— V£> ON IA CO lT\J-0\VO 

HH H H r-\ r-i t-\ rA rl ri H H ' 

CQ SB WCQCQ^pq^ 5 I W §CQ§CQg&pCQCQfe&B CQ £ 

CQCQSZJCQJS^gcQtQpqCQ^CQ^ g^gf£|ggg|5tt!gK!3SCQi2i|x|&g 



S PB ^ £ H §S pq^^_CQ § CO* ^ £s CQ *£ _ CQ_ | I 

HjSWpqpiqCQ^SIxl^^piqCQCQ SlSCQ^SCQtQCQCQCQJSECQfxlJStsjisCQ 



"I 



O -P 



(x]|xJ(x|pq§CQCQp£|CQ^|SCQ§ 



1SJP£1P£J>.^JSISCQ 



J3C CQ 



CQ h 



OJ K>_^ ITWO t>- CO 0\0 H CVJ K"> -=f lO^P t>7 Op 0> £> H.W Jf> "^ IO ^ £7 ^8 S> 



HHHHHHHCVJOJ CM CXJOJCVJOJCVJWCVirAtOk 



Rl 



On 
d 



u 
o 
-p 
o 

a* 



00 



0- 

♦ 
KN 



8 

-P 

> $ 

P. 



P 



225 



1 

CQ 

I 



I 











o> 




CD 


tC\ tC\CO CM fTNONONON-d-VO ON OJ ^) VO VO ON ON t— VO IO O ITNCVJ ONCOCO O Lf\ -d" KN 

rH rl H H OJ H 


^ 


to 




,Q 


H 






1 

-P 
ft 
CD 

CQ 




H 




LTN 
ON 


^CQtSCQScQ>>|xlCQ>[xi ^>S^§!SC^CQ^PiqcQIsrsW§SwcS 


!» 


> 








b- 


H 




a! cO 






1 


-P 


j- h hm^oo ir\rio J ^j waiHaiaivoHfA^oj-coj-vocovoaij-ooj- 


OJ 


O 


1 

CQ 

t 

■9 


CQ 


<-{ H H H 


OJ 




5 


|hS§C0§SSc3 ^ > CQ CQ CQ§ CQ CO* CQ fx} 
CQ^gWCQ(tif£|S3C0StQ CQ^IiqCQCQ>JS>g^^CQp£l^^CQ[xlfbqa 


& 


> 


d 

^ 








00 


d 




^voEOwt-oiAoaJt-oooooiAGi(f\iO[WW\ota^vovo^ai4-ai^aj lt\ 

i — 1 I — I i— 1 I — I r- 1 r- { I— t H 


00 


to 


CO 
CD 


S 


3 




a 


3 








if 

•H 

3 






t» 


I 








-* 






^o q i*\ q -4- ojvovq o\ on -=t- -J- md cvj tr\ t-vo k>vo on ir\ if\,d- oj t— voooj- oj _=J- 


OJ 


rH 




<U 


H r-t H H 


-3- 






^ 










a HraScQpxiF£j^gcQc§^^S^cQCQ § cc! pq to i 

g|jqg^^CQCQCOggcQ|z| CQSP«qCQ^CQP£lgcQCQCQJSFiqixlP£l^(xl^2 


CQ 


CQ 






O 
-P 


h 






O -P 


o 


Cm 




<D £ 


-P 


O * 


rH0ilO4lA\OI>-000\OHW^JlAV0^Q00\QHailAJ-ir\^t-000NQH 


ts 






£3 

^J CQ 
-P <U 


^ 
>* CO 
H <D 






cl « 


•H 2 






O 


CO 






S 


ft 










.Q 




Jh 




rQ O 


ON 




<U 


ITNOI Q\0 (AVOVOVOCO KNKNOO lTNCX)OLrNLf\\OCOCOcOrO 


<U J" 


vo 




£ 


iH H H rH H 


»a 






1 


•iep.10 jo q.no 






CD 
CQ 


1 £ > > j* 1 > ft S cS S t? Hd BJ Som3uv 




g 

^ 


R 




1 1 






ON 

H 








IfN 


1 


+5 
CQ 


J-00 CM VO ]>- CO KN ^ CO CO CO [- CXJ J- J- 4 t- O VO KNO KN -=t" MD t- KN VO VO ITN -=J" CO 
•H i-i H H W H H 


s 


J- 


CQ 

1 

•H 

■a 
3 


1 




H 




< 


Silsra^Mg^igtQjs W(ii^cQ|wco§im^icQcQ^iiicowi 


s 

> 


1 










a 




-=** tT\ -=*- LTN CVJ VO CO OJ t— OJ H KN VO LTN C— ITS ,=h 0- OJ rl VO H VO H [TWO [-- ON KN CO -3" 


K> 


-* 


aJ 


! 


H 


-=h 


H 


•? 


„►.,, sliiial HI? 8 § co 1 1 to |? c§ 8 cqcq^ 1- 






•H 
a! 
P 




is 


^ 




•1 


CM J" VO -=J- E— KN-d" ONlfN^J--4- l>T\J-00 ON H -J- KMTNONOO VOCO KN C*- ON CO OJ D-tO 
r-i r4 r-{ H H HHH 

_PP^ HilirawlfeHS fe CQ fe CQ & H g i S s 


3 


KN 






in 

5 


Jh 






O -P 


O 


*H 




CD CS 


-P 


O A 




> CO 


o 


W 40 


H(MK>4lAVOt-COa\OH(Mtr\J > lf\U)^COO\OHW(OJ-IAVDt>-COO\OH 
HHHHHHH HHHCVICVI0JCVI<MCVICMCM0JCVJIAK\ 


l. 4* 


& 


!>» d 


b d 


> ^ 


S£ 




d £ 

,3 CQ 


>? CO 






+3 <D 


rH 0) 






K 


•5 s 








2 


B 



CO 


CO 


CO 


CI) 


s 


t>> 


u 


CO 


fl 


p 






5 


CVJ 
OJ 


R 


ci 


d 


tf 


o 


o 


o 


Tl 


TJ 


tJ 


0) 


(t) 


CU 


CO 


CO 


CQ 


CO 


CO 


& 


^ 


o 



224 



8 



1 

co 

H 



IS 



g 



ON 






■a 



mmoo-4;[~-t^-cooj-=j-o ^-vq\oo4j-o^-^no\aivo\i)(Movoif\ovo 

HH M Hr-1 ,-irHH 



X)oo-=hvovogco-=t-oj-4- J-r-jC— Hqir\K\oji>-cvj irvj- o\ cvi to oj -4- -=f cvj vo t>- 



HlxlHWIxllxIW^CQCQ pq J5 CO |S JS £: 



^o r-{ 00 oj K)oocg K)vo g co m\>oiA\sO_4-r-iir\i>--d-vo-d-ojvooj t-4co o o\^ 

B g a§SjK i *j§S;.B g g S g S 8 g g i Kg 1 



1A H 00 V£) O IA -* OJ VO IOWO oj Hlf\lAir\_40N^J-^f-00 HCO t- CO LA0JVO-3-CVJ 
H H H rH OJ OJ OJ 



£2 CO pq pq 



o ^ 

3S 



+5 
ft 

CO 



1 



3 

a] 



"I 



e 



s s 



SB * BS Bi 1 E3 * 

^copqg^copqcoEicQpqiscQ 



£ i S | pq H I S H I g £s S co pq Ss co* 

^ pq pqSCQHgfqwgpqpq^^topqtsjsgcQcafiq 



OJ O t — -=*- OJ ITS4 t^K\4 LPvVO-^-MD CT\ t— l>- O MD -4- H -4 OJCO OJ t-lAOO LT\ -4" 



881 



W W co w W pq pq co Is 



HSSlS^ 



W S CQ^ 



00tOiK-\0Jq0JV00J-4-0\ HO\HVO^-(\||OiOOMf\ir\iAIAOVO OJ tO 0\ -4" -4 OJ 
H i-i H H 



CO |S pq 



co co pq S Js 



pqSJtstototsgstois 



t5 _ S i CQ g H S S; 

G> J* CQ g CO S CO H tQ 



rl i-l H H H r-l H H 



COpqSpqpq^copq toco 

pqpqcoJscoco^iCQcopq copq 



^^^^^1 ^Sl col^Dsco 
pq^grspq^pqg^g^togSiS 



w q i^oncovo aivo q4qqvodoqq44j-vo^voA(MO\H4oo 

HH OJHrHH r-\ r-{ r-{ H H 



^^^^W^fe& I; CO 1 pq fe pq pq 

pqgcoggcQcogggcocQgcdcd 



ScocopqracocoiBBcQ 



H Ol KN _4- tf\ \£) f-COONOHOJ (A _4 ITWO D-- CO ON O rl (\) N"\_=h Lf~\ V£> l>- CO ON O H 

HHrlHrlHrlHHHWWWWCvlWWWWW^ta 



-P 
> 05 

■P CD 

ci pc; 

& 



(D Si 

> aJ 



^J to 
-P <D 



O 

-P 

o 

J>s aJ 
"Si S 



t>s aJ 



•H S 



03 
03 



225 






I^-4-CO lAO\ tAOJ hOkJ-00 O tf\-d- OJVOVOVO LT\ rH rH VO rH t-COVO-J- CVJVOC000 
rH H H 1-4 rH rH rH 



isi 






wiw^SScQtsS^ixiSSS^Ss^Sls w m & 



VOMD-4- OJ K>-=J- t- ITWO K\_d- iTv-sh-^- t— l^OJ LAOJVO H K} CO CO -=t- V0 C— -=J- CO OJ OJ 
rH «~ i 



> pq S § pq 






ir\ co co ovo o\J-4 i>- vo H ^ irv m md co vo vo k^j- q to h oj h ir\q ir\ ky oj 






Ih g g 



KS888 S 

ca^:CQCQP>qpiql3:t3: 



w w 03 I ra 



s 



o 

OJ 



OJ 



-3- 
O 



H CU «.* .AVO *-« OX g ^ CVj KJJj UJ VO £ eg OJ g H CVj KN ^ g, ^ £ » OS £ H 



N~\ ON -4" OJ OJ CO VO OJ OJ K\ KN OJ UN O lA^tOJ UN CO ITWO t- -=J" HVOMD Q UN ON UN 



is wwi I 5 



coix|gHmp£i|x|^E5g? w & £s £s g w pq 



oj nn o vo ir\ ltnvo kn oj t— oj lt\ kn oj unco vo un -d- -d- vo -=*- co-4- kn kn tc\co oj H-=h 



willows 






> a5 

■P <u 






0\Ol^^lf\v^H^J^t^b-OJC>tr\vOOJ^VOraOJ^H 






01 «.* .A*) ^00 ON g H O, KJ Jj Jjvg £00, OJ £ gj g £ Jj £ VO £ » CJ R , 



&} 



> ^ 

-P <D 



H 



oo 

» 
o 



o 

OJ 



H 4) 



226 



I 



H 



1 



S 











-=h 




0) 

f 


t— ir\ oj irwooj^ON^^t^-vo^oovo-^- H ic\.*- m.4- oj o\ J- ocj4- irv ro-* ir\ 


OJ 


OJ 


[>— 


4 s 
ft 


PLlfxiSszjS>^CQCQCOCQt2j3:>tQ [! 0§ 1 1 W S |2 | ScQ^COCQ^ 


|s 


> 


H 

i 

1 

"2 








-=J- 


-P 
10 


H t-GI rjt-f^CVlCOJ-OO IAIAOICO H h-00lT\O\V£»AV£) t-CVJir\^tOJKN-=i-l^tO\ 


3 


rOk 


< 


^^e^^u_8^S^SfxlCQ i _§g§CQ CO CQ £ £ S H C§ S^ 


> 


ts 


S 

5 








OJ 


CO 

M 

J* 

•H 


3 


wG3S5^|5|xl!sSWPtl|jq&:WWHH[ilW|xl^HHWgg^^5jSB 


& 


H 








H 




1 


ON MD CO VO CO fOiMD t- ITWO b-^-CO CVJ On -^- CO t-H^OO ifN fO OJ H -3" -=h t~ 0\ O 

r — I t—i i — I i — 1 i — 1 i — I 


to 


H 




Sfe S §w I § w H S §sj § § §§ i 1 a pq pq i § % 


B 


i 




H oi k^ ^vo ^-co os g 3 ^ £3 ^^ t^cg on g h oj £3 jjvg & ffl os o H 




-p 

<u ci 

> C3 

,3 to 
-P G) 
S3 PS 


& 

-P 
O 
0) 

>> cfl 


4£ 












VO 




1 

CO 


00^^^CUCVI0\HH-=h-4-K\_=t-irN^i-J-O-=t-aD0\-J--=l' HCVJVO-d-b-t— lf\lf\ 


s 


r4 


lf\ 

ON 
H 

1 

03 

■a 

1 

aJ 


wScqB § I^IIh l^^eee ^ 02 1! cc! uc! ^ to 


i 


i 


-p 

CO 

! 


(Oj-j-coHwi^aiaiONj-Ht-ovowHt-covovoa] rOiCOH-d-rotoioojirN 
cq SwtQW 1 i s W § I ^ ScocoSh pq 


LCN. 


CO 
H 


? 


CO J- KM>-lf\vp J- WHHWJ-vOO\CO^cyirOiVDCVJH(M COOOCO Ol Ol OVO LfNCO 





vo 

H 


•H 


s^d§S S h 1 w S S i s 6§ H^^JPS^S^ cafe 


B 


g 




<D 


-=h IAIPvj* OJ CO VO ONOVO-^VO t-- t— t- Err- CO 00 00 K\CO-=h 00 CO VO VO OJ O KN. VO 


* 


H 
H 




£ 


|gg H ^ sill i sh a ei^is B s 


H 


1 


^3* 


H«K>^ BN^t- 00»g rJ^KJ^JJ N^JJ eg 5 8 51.81 KN^g^^ JJ OJ gjRrt 


O 

•P 

-P 

£3 


O 

-P 
O 

> d 


a 


o 




-P <U 


H a> 



227 



o S 



S 



1 













r-i 






>0 KN.4- VO lf\ H 00 VO r-f 


J-^WaiOOAOD^^J-OJOt-^f-I^WrHt-tA 


OJ 


• 
OJ 




£ 


H H H rH H rl 


VO 






1 












■P 
ft 
<D 
CQ 


&q 5: cq cq ra cq to 
pq tdcQ5:cQ5=5:{xi5: 


gco 5: h B cq cq § 5r S § !S 5: 5= is H 


5= 


iS 


i 










CO 


+3 


K\ KNCVJ [f\VO K> OJ -=J- OJ 


lf\ lf\ OJ -=h lT\-=f-=fC0 t—vo -=i- VO OMD O OJ lf\ OJ -=*• CM KN OJ 

r-\ rH rH 


VO 
OJ 


o 


03 
T3 


g) 










s 


•f 


Is tQccScQpqSSipqcQ 


Sc^fewcocQixiS pq H H 5: | 1 


13 


18 


d 

5 










ON 


G 




tovoj ir\ co o\ oo -=fr kn oj 


ITN-^-^j- iTSITN-d-VO-J- t- KN t— OJ ir- ON VO t-VO VO ITv-rJ- O -=f 


ON 


OJ 


08 


>> 


H H 


00 




1 


g 










•H 




CQ CO § 1*1 5= 
CQ ISCQCQ^JSCQCQJS 


e £= ^ £3 ^ _ § 03 5: 8! § S £= S cq cq 3 jl 

^CQ^pqHgCQS^CQCQtxlpiq^gcQCQFiqCQCQ^g 


is 


is 


a 










co 






itn. co t>-ir\ir\o r-{ knvo 


00 b--^" HJ- ON OJ OJ-d" t-VO C— t^I^-4-VO IAOMAOI J- 


ITN 


o 




(U 

i 


H 


H r-t H 


OJ 






CQ^[xlF£lS§§StS 


WtS PP 1x1 H 5; 5t ►* 5t 5: 

pqg^gpqixipqpcipqg^. ^ge^pqpqpqpq^^cQ 


a 


525 








O 
■P 


?H 








t> -P 


O 


as 






CD CI 


-P 


H OJ KN.4- 1TNVO t-CO 0\ 


OHCVllA4lAVO^OOONOHCVItAJ-lAVO^COO\OH 

pH-HHHHHHHHHCQWOIWWOIWWOIWKMO 


> 03 
-P (L) 










o 


"3* 








g 


o 












H 




0) 


-=j- ojvovo cvj^f-j- t—H 


00-J--4- lf\-=f ON-:* lf\ OJ H Lf\ IT\ t— H K\ vo ON VO -=t" .^J- t— 


K\ 


KN 




1 

-P 
ft 
<D 
CQ 


H H H 


ON 






CQc^§5=pqpq§CQ§ 


&i^_ cqSSS cq ccl 5c cq §copq§ 


as 


5= 


ft 












i 

CO 










ON 


•P 


C--rc\tr\N-\o-=i--=J-vo i-4 


OJ H H IfMfWOOO J-4 H VO O VD J- H -4- KN ,3- K\tr--4-J- 


& 


OJ 


•H 


< 




5e 5e 5: 5: 5: H S U 12 H 1x15: 
CQ5:tscQ^:^5:5:CQpq^ggpqgcQCQpqgpqp£lS 


5: 


5: 


■a 












5 










IPv 


a 




if\ j- co o cm kn H ir\ t- 


ir\ kn ir\ vo ON-d-voco ir\ oj oj t— kn vo k>j- tr\(o oco oj vo 


VO 


d 


03 

* 


I 


H H H 


H 




•H 


pqpqpqpiqpqpqgcQpq 


pCQ 1 G ^ § 5s Eel CQ !§ 5: pa § 5: 
S&sHpqSBgSccQggpqSccQpqferapqgSsgBlasra 




1 




Q) 


t-^J-VO ^ £J °° -£ CvJVO 


IAJ-00 OJ t- ON VO LfNirNKNKNOJ.ri-VOCOVO N"\ t- O CO lf\ 
H H H OJ 


J- 

On 


OJ 




1 












iliggi&*g 


§5=5riStSjSCQ|xlSp5:CQS|xliSi § | 


g 


g 








5h 
O 
•P 


h 


Sri 






O -P 


$ 


H CVJ H^-4" IfNVO t-CO ON 


OriojK^4 itn vo e-coo\OHcv] 10 .* itnvo hcoo\QH 

HHHHHHHHHHWOIWWWOIWWOIWKM^ 


■P <u 


o 








PS « 


•H S 










S 


<S 



228 






3 

EH 



<H CO 



! *1 



«iH El 



! * 



.1 

i -h _ 



■&3 



N cy ON lR ON h- 
> ^ lf> K> rOi r-j 
1 H H h^v rH 



^\0 4 <U H ITWOVO^-OO 



t<\ q o\ o\cq c 



O CVJ CO CO VO OJ O KNO\-=f 

^goNON^vo^H^g 



OQOQOQOQOC 

oj d\co co ir\77\cvi h t- c 

H rlrHW 



ur\o\S\o\oj ir\ £1 2^^\ 



\mmm 



tr\o\oooocv!L. V w^» 

i-i H ^ H H 



\ w -* cvj }Oi ir\ tr\ 
tr\ tr\ in ir\ 



v in m^,~» 



I CM OJ OJ oj cvj w 



i^^^in 



p .o 

O H CVJ lA^J- lAVO C--CO ON 

jninintninminminm 
0\o>c*cao\o\o\o\O}o\ 



■a 



£3 



<H CO 



H"g 



PI <tf 

•H <D 

5* & 



&* 

H > 



-* cvi owo irs^t^d- O\o 



fRv§ H in & lR ON m^S -* 

lf\J-_* hT\0>lfNO\rHVO O 

HHHi-t HrHCVIr-t 






188: 



_* K> in CU 



SS8 1 



^00 CU 00 H 
H H CVJ H 



iVOJCvJJHvOrHOsVO 



i o o o o 

2^3c^^?n3 



<-i H H H HHHH 



CVJ 0>J; q t- iRvD 0\-* H 
r-lHHCVJ H H K\ r-i 



in o\vo U"\_d- t— On CO O O 
voqqq-=f-voc\iHcoH 

r-{ ^ H H r-i H H H 



0\O\0\O\0\O\O>O\O\0} 



& 



1- 
•H 

is 



<M Hi 






coqK>qovoHt-Ht- 

»H i-j i-i H H H 



1 O O O O Q O Q < 

I89RR3&SU 



*a!oa*s*3a 



\ VO ON f?\ KN t- 



*aS338SsiS a 



: S>g§888S! 

' VO lT\VO in ON ON CVJ C 



s 3&sS^2* 



229 



Barometric Pressure Effect 

The magnitude and direction of the tilting of the water surface 
cstused "by the inequality of "barometric pressure at opposite sides of the 
lake were calculated by means of J. F. Hay-ford' s (1922, p. 11) formula 
for the barometric pressure effect. The barometric pressures used in 
the computations were obtained from the U. S. -Weather Bureau's Clima- 
tological Data , National Summary (1950-59) for .American stations and 
from the Canadian Department of Transport, Air Services (Thomas, 196l, 
letter) for the Canadian stations. 

Hayford's formula is as follows: 

Hi - H 2 = - (Mi - M 2 )(13.6)(^) = - (Mb. - M2HI.I3) 
where 

Hi - H2 = barometric pressure effect, and 

Hi = elevation of water at point 1 (feet) 
H 2 = elevation of water at point 2 (feet) 
Mi = barometric pressure at point 1 (inches of mercury) 

M 2 = barometric pressure at point 2 (inches of mercury) 

., lz 13.6 (density of mercury) 1 /.- . „ . ^ ^\ 

1.13 = -7 h TT — -2 1 — \ x — ( to convert M to feet) 

1 (density of water) 12 

Example:— The summer season of 1950 with Buffalo as point 1 and Toledo as 
point 2 gives the following barometric pressure effect: 

Hi - H 2 = - (30.012 - 30.025)(1.13) = + 0.015 
In this case, the barometric pressure at Toledo was greater than that at 
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Buffalo by - 0.013 inches; the greater pressure at the western end of 
Lake Erie depressed the water at the western end and caused a rise at 
the eastern end (Buffalo) of 0.015 foot. 
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TABLE TO 



LAKE ERIE GAGE DIFFERENCES VS. EFFECTIVE WIND VELOCITY SQUARED 

(LINEAR FUNCTION) 





Direction of Effective Wind Relative to Toledo-Buffalo Axis 




Gage a 


On Axis Right of Axis 


Effective Velocity 
Squared (V 2 ) 


Effective Velocity Squared (V* ' 




From 3 


From 8° 


From 11° 


-0.19 


2900 


2700 


3600 


1+000 


-O.OU 


8300 


9000 


101+00 


11200 


-0.07 


7^00 


8100 


9600 


10&00 


-0.10 


7600 


8300 


9600 


101+00 


-0.03 


11+900 


15900 


18500 


19900 


-0.21 


3100 


33^0 


3800 


1+200 


+0.01 


11700 


12500 


ll+l+OO 


15900 


-0.06 


iot+oo 


12200 


12800 


13500 


+0.05 


25900 


27900 


32000 


33900 


-0.11+ 


8800 


91*00 


10800 


11700 


Correlation 










Coefficient 


0.81+ 


0.8U 


0.85 


0.85 


Regression Line 


1.06 x 10" 5 V 2 -0.185 


0.981 xlD' 5 V 2 -0.181+ 


O.863 x 10" 5 V 2 -O.I86 


0.826 x 10" 5 V 2 -0.190 





Direction of Effective Wind Relative to Toledo-Buffalo Axis 




Gage a 
Difference 


Right of Axis 


Effective Velocity Squared (V 2 ) 


From 13* 


From 16° 


From 18* 


From 21° 


-0.19 


1+200 


1+600 


1+900 


5300 


-0.01+ 


11900 


13OOO 


13500 


11+600 


-0.07 


lH+00 


12500 


13000 


11+100 


-0.10 


11000 


12100 


12500 


13500 


-0.03 


20700 


2l600 


20700 


19300 


-0.21 


1+500 


1+800 


5000 


5500 


+0.01 


16600 


17700 


18500 


19900 


-0.06 


13900 


12800 


12300 


11500 


+0.05 


321+00 


30300 


28600 


266OO 


-0.11+ 


12100 


11900 


11200 


101+00 


Correlation 










Coefficient 


O.87 


0.90 


0.92 


0.95 


Regression Line 


0.890 x 10" 5 V 2 -0.201 


0.981+ x 10" 5 V 2 -0.217 


1.08 x 10" 5 V 2 -0.152 


1.21 x IX)" 5 V 2 -0.21+8 



Direction of Effective Wind Relative to Toledo-Buffalo Axis 



Gage a 


Right of Axis 


Effective Velocity Squared (V*) 




From 23* 


From 28° 


From 33° 


From 38* 


-0.19 


5500 


61+00 


7100 


76OO 


-0.01+ 


151+00 


161+00 


11+600 


I3OOO 


-0.07 


1.1+900 


16900 


19000 


20100 


-0.10 


11+200 


15900 


11+100 


12500 


-0.03 


18500 


161+00 


11+100 


12300 


-0.21 


5600 


5300 


1+600 


1+100 


+0.01 


207OO 


19000 


16900 


11+900 


-0.06 


10&00 


9800 


8300 


7200 


+0.05 


25300 


22200 


19300 


166OO 


-0.11+ 


10000 


8800 


7700 


67OO 


Correlation 










Coefficient 


0.98 


0.9!+ 


0.81+ 


0.72 


Regression Line 


1.25 x 10"5 V 2 -0.251+3 


1.37 x 10" 5 V 2 -0.193 


1.32 x 10-5 V 2 -0.166 


1.20 x 10"5 v 2 -0.216 



Direction of Effective Wind Relative to 


Toledo-Buffalo Axis 


Gage B 
Difference 


Effective Velocity 




Squared (V d ) 


From 


1+3' Right of Axis 


-0.19 




7100 


-0.01+ 




11500 


-0.07 




1&000 


-0.10 




11000 


-0.03 




IO60O 


-0.21 




36OO 


+0.01 




13000 


-0.06 




6100 


+0.05 




13900 


-0.11+ 




5600 


Correlation 






Coefficient 




0.68 


Regression Line 


1.29 


x 10-5 v 2 -0.207 



a Gage differences are corrected for barometric pressure effect. 

Note: Effective velocity is in mph/month; therefore V 2 is in (mph/month) 2 . 
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ANALYSIS OF CURRENT PROCEDURES AND RESULTING RATES \ 

OF 
CRUSTAL MOVEMENT IN THE GREAT LAKES BASIN 



I, INTRODUCTION 



The present report may be considered as a -part of a continuous 
study by the Lake Survey to learn more at out crustal movement in the 
Great Lakes area. The report was initial ed at this time, because of 
the preparation of a doctoral dissertation entitled "Postglacial Uplift 
in the Great Lakes Region," submitted to the University of Michigan by 
William F. MacLean of the Geology Departr; ent , and published in December 
1961, as Special Report No. 14, Great Lakes Research Division, Institute 
of Science and Technology. 'In this publication MacLean disagrees strongly 
with present methods of obtaining crustal movement rates and with the 
magnitude of those rates. 

Special Report No. 14 is a very comprehensive work of research in 
several related scientific* fields, and the author is commended on its 
accomplishment. In general the present paper will concern itself with 
basic questions posed by MacLean. It is net its purpose to refute or 
confirm each statement of his work, but enly those having definite bear- 
ing on the work of the Lake Survey or the Vertical Control Subcommittee 
of the Coordinating Committee on Great Lakes Basic Hydraulic and Hydro- 
logic Data. 



The recommendations herein have "been made after consulting many 
geologic and engineering references. Scxne new problems are brought up 
by Maclean's report, and some old ones, for which solution has not been 
found, are revived. Several aspects of erustal movement still cannot 
be explained with complete confidence. 

4 

II. GENERAL 
Absolute and Relative Rates 

From the descriptions in Special Report No. 14, absolute rates of 
erustal movement may be defined as being those referred to mean sea level, 
which has been corrected fot meteorological effects and eustatic rise. , 
The report implies that the rates which have. been determined for the Great 
Lakes-St. Lawrence River basin are, or .should be, in this category. They 
are in fact relative rates of movement w:Lth respect to other localities 
on the lakes and to uncorrected sea level at New York City. The Lake 
Survey and the Vertical Control Subcommittee of the Coordinating Committee 
on Great Lakes Basic Hydraulic and Hydrologic Data are not primarily con- 
cerned with the absolute rate of movement at a particular point on a lake 
or with its relation to sea level, but with its rate of movement relative 
to the lake's outlet fo:* use in hydraulic and dredging activities. 

Without regard to sea level, an approximate rate of movement per mile 

\ 

may be derived from two relative rates on the same lake.. This, however, 
assumes a uniform rate of movement, which cannot yet be accepted. There 
are too many indications from water gage records of non-uniform movement 



to be explained wholly by errors or by meteorological effects on the 
gages. For this reason it is believed that any pair of gages on the 
same lake may be used for comparison of crustal movement rates, without 
regard to the alleged hinge line or area of horizontality. This concept 
does not discard the theory of a gradual postglacial uplift northeastward, 

because this pattern has been established by all methods of observation. 

Eustatic Change in Mean Sea Level 

There seems to be no doubt that mean sea level itself is .rising, due% 
presumably to the increased volume of sea water caused by slow melting of 
polar ice caps resulting from the long range increase in average tempera- 
tures, Gutenberg (1941) published a study using 71 water gages located 
all over the world, and arrived at a rise of about 10 cm per century. 
This rate has been endorsed by Rossi ter (1962). It is, of course, only a 
good estimate subject to further study with more data, 

Moore (194#) did not recognize any eustatic rise in mean sea level. 
The Lake Survey, having based its reference on the tide gage at New York, 
has not subsequently taken the rise into account, because there would be 
no change in the relative rates of movement in the lakes sytem. The 
Vertical Control- Subcommittee has not yet computed a relative rate between 
Lake Ontario and its key gage at Father Point, Quebec, from recent and 
past precise level lines. Should the subcommittee decide that rates of 
movement computed for points on the lakes should be referred to mean sea 
level', it will be necessary to add 0.33 foot (Gutenberg's 10 cm) algebraically 



to all rates in the basin. Such a decision is considered -unlikely, as 
the Father. Point gage is believed to be above sea level an undetermined 
amount, probably in the order of 0.2 foot, and the practical* value of 
the relative rates would not be enhanced. 

Concept of Rates of Movement 

The Lake Survey has never considered its rates of crustal movement 
as anything more than approximations of the magnitude of this physical 
phenomenon. Time periods are relatively short and the rates are of such 
small magnitude that many anomalies are present. Many short period rate 
determinations by the Vertical Control. Subcommittee are of little value 
because of the scarcity of data; however , it is believed that the rates 
as a whole are the best possible determinations of modern rates with the 
use of existing data, and are valuable within the concept of accuracy 
expressed in this paragraph. 

III. GEOLOGICAL ASPECTS 
Present Geological Theories 

Most modern geologists are agreed that crustal movement in the Great 
Lakes region is the result of an uplifting of the earth's crust in a 
general northeasterly direction following the last recession of the 
Wisconsin glaciation. Based on field observations they postulate a hinge 
line passing through the extreme western end of Lake Superior from about 
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Two Harbors and Ashland, continuing rougtly through Escanaba, Traverse 
City, Harrisville and Kincardine, and projected without field evidence 
through the western end of Lake Ontario in the vicinity of Toronto and 
Olcott. South of this line in the so-called area of horizontality, no 
crustal movement is presumed to have taken place since the time of the 
Nipissing Great Lakes, and north of the line the land is apparently 
continuing to rise at a rate which increases northeastward. All of these 
concepts are based upon the discovery and identification of old lake 
beaches formed by the predecessors of the present Great Lakes, and upon 
the determinatipn of their age and height. 

The initial comprehensive work on the geology of this region was 
done by Leverett and Tiaylor (1915). They were preceded and followed by 
many capable investigators working in localized areas. The most recent , 
complete work is that of Hough (1958), who in effect brought Leverett and 
Taylor up-to-date as a result of subsequent field work and new interpre- 
tations. All of these works supply convincing evidence to support the 
current geologic theories, however, there are dissenting opinions regarding 
the absence of crustal movement south of the Nipissing isobase or hinge 
line. Evidence gathered by the Lake Survey puts it in this minority group. 
It must be remembered that no theory in the geophysical sciences is sacred 
and each is subject to revision because of new evidence or reinterpretation 
of the old; for example, Hough is already revising his 1958 treatment of 
Lake Ontario, because of new discoveries by investigators in that area. 



Measurement of Height of Old Beaches 

No extensive determinations of old ">each elevations have been made 
since Leverett and Taylor. These early measurements as well as most of 
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elevations were taken from contour maps. ' These crude methods coupled 
with the obvious difficulty of placing the leveling rod or other type 
staff, if any, on the irregular crest of the old beach throw considerable 
doubt on the results obtained. Stanley (1935, p. 44#) stated: 

11 in the final act of measuring the beach, variations 

of a foot or so are always to be found in its gravelly, 
grassed -over siirface." 

A further cause for errcir was suggested by Stanley on the same page: 



"It is recognized by students of shore forms that gravel 
ridges may be built at varying heights above or below the 
water level ." 



Hough (p. 134) declared: 



"The elevation of the crest of a depositional beach ridge 
varies from place to place, depending on the height of storm 
waves which reach the shore and on the amount and size of 
debris available for beach construction. Constructional forms 
such as ridges and bars generally have crest elevations which 
are higher than wave-cut terraces formed elsewhere in the same 
late." 



MacLean (1961, p. 33) expressed his opinion on the subject as follows: 



"The inaccuracies inherent in the instruments and methods 
coupled with the difficulties o~ determining the elevation 
of the former water surface i.e., of correlating wave- 
cut features with wave-built features of lakes whose surfaces 
varied several ,feei in elevation from year to year — — result 
in, elevations Tjirhich are probably accurate from 15 to ilO feet/ 1 

Taylor (Leverett & Taylor 1915, p. 429) has this to say: 

"In his early work on the beaches in Ontario, Spencer used 
the spirit level. Since that time, however, most investigators, 
including Mr. Leverett and the writer, have 'used only the aneroid 
barometer and the hand level, and though results obtained by 
these last two methods are serviceable for general purposes they 
are not accurate enough to settle the relations of the planes of 
the different beaches or to determine the variations in the rate 
of inclination of those planes." 

Maclean (p. 39) is obviously correct in his statement that for rates 
of past uplift, the measurement of differences in elevation of old beaches, 
based on time periods which may reach 13,000 years, is satisfactory for 
accurate results. Gutenberg (1942, p. 148) agreed when he said: 

"Of course, the tide ga-uge data furnish only the present 
rate of uplift; the average rate during the past centuries 
can be found only from field data." 

In view of the foregoing discussion of measurement inaccuracies and 
the difficulties present even with accurate methods and good instruments, 
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it appears that field measurements of old beach heights are not suitable 
for determining modern rates of movement, and produce questionable results 
even as far back as the comparatively recent Nipissing stage. For the 
period since that stage MacLean (p. 38, table l) computes a slope of 
55 feet/100 miles from Walker ton, Ontario, to Field, Ontario, in the 



Lake Huron basin, and a slope of 49 feec/130 miles from Wakefield, Michigan, % 
to about 4 miles north of St. Ignace Isl;md, Ontario, in the Lake Superior 
basin. If we assume a measurement error of 5 feet in opposite directions 
at each station (the minimum error suggested by MacLean), the resulting 
error in rates would be about 18 and 21 per cent, respectively. The rates 
have not been constant since the Nipissing Great Lakes. Had they been so, 
these rates would have been about 1.70 feet/100 miles/100 years and 1.20 
feet/100 miles/100 years respectively. Logically, the modern rates by gage 
comparisons for comparable locations are much smaller, being approximately 
.50 foot/100 miles/100 years in each case. 

Alleged Area of Horizontality 

Geologists asstime an area of horizontality in the southern portion of 
the Great Lakes basin, south of a "hinge line" as described earlier in this 
section. In this area crustal movement is supposed to have ceased some 
3000 years ago. As previously stated in Section II, a uniform rate of move- 
ment cannot yet be accepted, nor can the complete absence of movement south 
of the ill -defined hinge line, even in the Lake Erie basin. ' Evidence will 
be presented subsequently- to demonstrate the probability of a non-uniform 



movement with a basin-wide pattern of uplift northeastward. There is consi- 
derable support for the idea of a present and continuing movement in the 
area of horizontality, both from the study of gage records and from geolo- 
gical evidence. Freeman (1926, p. 149) states that: 
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"Whatever the cause, continuous progressive tilting upward 
toward the north at the rate of about half a foot per 100 
miles per century in the southern part of the Lake region, 
with indications of double this rate over some parts of the 
Lake system, is proved beyond all doubt, by the comparisons 
. of simultaneous water heights at some 20 pairs of water gage 

stations " . 

« 

Stanely (Greenman & Stanley 1940, p. 199) had this to say: 

"Forty years ago G. K. Gilbert concluded from a study of 
comparative lake gauge readings that postglacial tilting 
of the Great Lakes region is still proceeding (subsequent 
readings have verified this)." 

Hough (p. 268) in describing the transition from the Algoma (post Nipissing) 
stage to the present Great Lakes makes this statement: 

11 the surface of Lake Erie has been raised by uplift of its 

outlet at the northeastern corner of the basin." 

and recently (1963, p. 105) confirmed his view as follows: 

"Lakes Ontario, Erie, and Superior are still rising and 
encroaching on their southern and southwestern shores, " 

MacLean (p. 30) makes this point in referring to the zone of horizontality: 

"The degree of restoration is probably not complete due to 
the thick overburden of glacial drift which covers the 
glaciated region south of the Canadian Shield." 

These opinions cast considerable doubt on the theory of an area in 
which no postglacial uplift is occurring. Certainly it is an area in which 
some sort of movement is present. 



Field Evidence of Movement in tjie Lake Erie Basin 

The studies reported "by Mcseley (1904) are especially significant 

» 

in this 'respect. In the Sandusky Bay area he found much to support 
the idea of a recent uplifting ef the outlet of Lake E^ia at its §&§%$¥$. f 
end, resulting in a gradual rise of the -water in the bay. Some of the 
evidence was noted personally and some from persons -who recalled the 
conditions of an earlier time. All of the cited changes may be dated 
•within the 18th and 19th centuries.. There are numerous cases of submerged 
stumps and trees of kinds that will grow only on dry land, of dead trees 
killed by high water, of loss of area on the mainland and islands to an 
extent that cannot be explained by storms or seasonal fluctuations, and 
of the formation of much marsh land, which can be due to higher water alone 
and not to erosion. One resident claimed- in 1904 that there were 2-1/2 
feet of water on 200 acres of his land which had been dry at his coming 
there in 1836. Moseley recounted instances of channels becoming deeper * v 
and wider. It was possible to walk to Eagle Island in the west end of the 
bay in the early 19th century, and Squaw Island in the same area was con- 
nected to the mainland. The main channel at Cedar Point was so narrow that 
Indians swam their ponies across it, and settlers on the Marblehead; 
Peninsula drove their cattle to market this way prior to 1830. Human bones 
have been found in several graves below water level in the Squaw Island 
region. Moseley himself found two large cottonwood trees several yards 
apart in this vicinity, whose roots had become loosened by high water, caus- 
ing them to fall. Imbedded in the earth clinging to the upturned roots of 
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these trees he found parts of human skeletons, together with artifacts 
of the period. 

Taylor (1915) discounted Moseley 1 s theory of the cause of flooding 
in "western Lake Erie due to the rising of land to the northeast by assert- 
ing that the phenomenon was due to a rise in level of Lake Erie caused by 
the abandonment of the Mattawan outlet in the Lake Huron basin, allowing a 
large discharge through the Port Huron outlet rather than through the 
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Ottawa River. Because of the recentness of events found in Moseley's studies, 
Taylor's assumption does not seem valid. It can be shown that Lake Erie 
level in the past 100 years has not risen due to increased supplies and/or 
outlet regimen changes. 

Moseley submitted much further evidence of recent crustal movement with 
his investigations by borings in drowned stream beds in Sandusky Bay, but 
perhaps the strongest argument lies in his study of the lake -formed ridges 
on Cedar ( Point. Moseley took five well defined, roughly parallel ridges 
and determined their approximate ages by counting rings in cedar stumps on 
them and correlating this figure with the known time of cutting and other 
physical data on the ridge. The ages of the ridges ranged from 45 to 475 
years, the youngest and highest being on the Lake Erie side and the oldest 
and lowest on the Sandusky Bay side. He then dug into the ridges in about 
150 places to determine the highest level of aqueous deposits in each ridge. 
Then by comparison of the aqueous deposit heights and the ages of the four 
older ridges with these same values in the youngest ridge, four determinations 
of the rate of movement were obtained, which averaged 2.22 feet per century 
over a small range of values. This rate may be considered high, but it is 
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good evidence of recent crustal movemenx in ■& zone where movement is 

supposed to have stopped centuries ago. 

* 

Type of Movement 

The foregoing studies and opinions give credence to the existence 
of crustal movement in the alleged area of horizontality, as do present 
day studies of gage records, which will "be discussed in a subsequent 
section. The type of movement, even with the elimination of possible 
errors and known inadequacies of some gage records, is believed to be a 
non -uniform movement with a basin -wide pattern of northeasterly uplift. 
Although expressing doubt that any measurable movement of uplift had occurred 
within the last 100 or 150 years, Taylor (p. 468) had this to say: 

"The author is inclined to the belief that the movements of 
uplift are spasmodic in character and occur rather suddenly 
at intervals separated by long periods of rest, during which 
movements do not occur." ^ 

Further, Taylor did not rule out the possibility that movement was due to 
other tectonic causes, such as crustal creep or hydrostatic relief. In 
regard to the latter he stated (p. 509): 

"On account of its slowness, however, the hydrostatic relief 
may be still in progress and not yet fully satisfied ." 

IV. DETERMINATION OF CRUSTAL MOVEMENT RATES BY WATER LEVEL COMPARISONS 

Present Concepts 

In order to strengthen the case for existence of movement in the "area 
of horizontality," it is necessary to examine comparisons of elevations of 
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water level gages in that area over extended periods of from 50 to 100 \ 
years. Recorded elevation differences b-n.ween two gages on the same 
lake, plotted against long periods of elapsed time, show in most instances 
a pronounced line slope, which cannot logically be explained by meteorolo- 
gical effects or gage errors. It must b«-j movement of the land at one gage 
site in relation to that at the other. 

Accepting the foregoing premise and the argument of Section III that 
geological field measurements Eire .unsuitable for determining modern rates, 
it follows that the only practical way to obtain rates of relative movement 
on the same lake is by water level comparisons. Certain errors, as dis- 
cussed in Special Report No. 1A, are possible with this method and must be 
examined further. 

Gage Location Effects 

Improper location of water gages can be a major source of error in 
the recording of true lake level, but the ability or inability to do so * 
has no effect on the determination of rates of crustal movement by water 
level comparisons over long periods. The. only effect on crustal movement 
rates would be caused by a permanent change in the physical environment 
of a gage located in a constricted area such as an enclosed harbor or 
mouth of an inflow river dile to dredging, filling or other major construe- " 
tion, or by a progressive change in regimen of the adjacent river. These 
changes affect the capadity of the water body near the gage and thus affect 
its readings. Gages lodated in mouths of inflow rivers are subject to 
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variations with respect to lake level, die to seasonal changes in river ^ 
flow, but these variations have no effect on long period . crustal movement 
£ates because they are not progressive; aoreover, the seasonal changes in 
flow occur in months not normally used f ir water level transfers* 

Several Lake Survey gages are in constricted locations as described 
in the previous paragraph and should be -noved to open lake positions as 
soon as practicable in the interest of better water levels for all concerned. 
.This improvement is in progress at the present time as funds become availa- 
ble; for example, the gages at Rochester, Cleveland and Monroe have recently 
been removed to more favorable locations, Comparatively new sites, such as 
Lakeport and Point Iroquois, have been established to give open lake record- 
ings. There is little that can be done ~g improve the general location of 
gages in many converging shore areas such as those at Duluth, Green Bay, 
Essexville, Toledo and Buffalo. It must be remembered that the' primary 
responsibility of the Lake Survey in water level gaging is to record eleva- • 
tions for the benefit of navigation and other marine interests, and that 
local riparian owners and marine contractors want maximum, minimum and 
average levels at a particular locality. Depending upon the conditions at 
each place, however, movement of a gage site from inside a. river or break- 
wall to open water, such as the change of the Milwaukee gage some years ago 
from the river to the outer light, should be seriously considered. ' The 
Calumet gage, located inside the harbor and about l/2 mile up the Calumet 
Riv£r, is an example of a gage which should be moved outside for improved 
service to a large industrial region. 

14 



■ Instrument E^.vr.vs 

There are a number of errors inherent In water level recording 
equipment, which are explained "by Stevens in his Hydrographic Data Book 
(undated, pp. 20-40) m& a?©f©a?3?<§a to W nmmm in gpseial Report No. i4t 
These errors are generally negligible in 'modern recording gages used by 
the Lake Survey, and of little consequen ;e In all automatic gages used 
since the beginning of this century. Tho reasons for this will be 
explained in connection with each type oi' error. 

Float lag is the failure of the float and its assembly to follow 
instantly the rise or fall in the water surface, such as in the case of 
two meshed gears. . If tiere is play between the gear teeth, the follower 
will lag behind the driver the amount of this play. Float lag. error is 
negligible when a large float, a small counterweight .and a light flexible 
line is used and the instrument is kept in good condition. It is minimized 
further when the gage is not used for direct measurement, but in conjunction- , 
with a reference gage, as has always beer; done by the Lake Survey. A gradu- 
ated tape line is used on the' recording gage, and the value of the index 
pointer is determined, but this is used only in the rare instance when the 
reference gage is , inoperative, " or as a check on the water surface elevation 
at daily inspection times. Reference gages are not subject to this error. 

Line shift is the error caused by a change of a part of the float line 
or tape from one side of the float pulley to the other, due to a change in 
water stage. This shifting in weight of line changes the depth of floata- 
tion of the float, causing a small error depending upon the amount of stage 
change. " In most Lake Survey gages the range of level Is too small to 
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generate appreciable error. Ir those 5£/e:v with relatively large range, 
such as Buffalo and Toledo , the error ca«. ie made negligible by use of 
the largest float possible consistent wi'-h instrument and installation 
design. 

Error due to submergence of counterweight is not at all applicable 
in most cases due to smaj.1 fange of stage: and ample height of the gage 
instrument above "water. | It is of negligible amount in those cases of 
actual submergence, due to the use of a small 6 ounce counterweight. 

Although the maximiim amount of error among the foregoing (float lag) 
is in the order of .01 foot, there is the possibility that .in isolated 
instances the errors may be cumulative. Since all are inversely pro- 
portional to the square of the diameter of the float, it is recommended 
that "where the size of the well and other conditions permit, 10 inch 
floats be installed at all gages which do not have them. This is possible 
in over 50 per cent of the gages. Since the diameter of the float pulley 
of the Stevens A-35 gage is 6 inches, the 10 inch float is the largest 
that may be used without interference with the counterweight unless addi- 
tional frictional members are introduced, which action would probably negate 
the primary purpose. 

Errors due to humidity effects on chart paper may amount to as much as 
2 per cent -under extreme - conditions of excessive humidity, however, such 
conditions do not occur in the Great Lakes region except for very short 
periods. Although under ordinary conditions this error ie negligible, ther.e 
are no means of knowing whether change in the paper has occurred when it is- 
ready to be scaled in the office. It is believed that the two base line 
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markers at a fixed distance apart as recommended by Stevens (p. 33) 
should be used to detect the presence of this error.- The standard time 
markers and reversal indicators may be u.'sed for this purpose, and the 
latter are already on the instruments, 

Gage instruments of the last half of The 19th century leave much to 
be desired in design and operation. There were only a few self -register- 
ing gages at the inception of continuous records in 1859, the remainder 
consisting of boards, staffs ana floats of various types which were read 
tri -daily, daily or intermittently; however, all are considered good 
enough to indicate the trend of crustal movement. A single reading taken 
at noon each day is quite useful in producing a monthly mean, and tests • 
have shown that the mean of tri -daily readings taken at 7 a.m., 12 p.m. 
and 5 p.m. is almost as accurate as the r.ean of 24 hourly readings. Several 
recent random comparisons of monthly- means in Lake Erie between values 
derived from the normal hourly scalings end those derived from scalings at 
the foregoing tri -daily hours show an average difference of .002 foot. 

Operator Errors 

One cannot doubt the possibility of human error in the operation of 
water gages, because they have been known to occur. It is significant, 
however, that many precautionary measures and checks have in nearly all 
cases prevented errors, and in those instances which escaped notice, the* 
effect has been minimized in the monthly mean averages. . The several 
examples of erratic water gage operation and care quoted by Maclean from 
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Lake Survey reports serve only to emphasize. + iie vigilance of responsible 
personnel in detecting such errors by examination of records and comparison 
■with other gages. The care of .gages in t/ie early years of this century, 
while not up to present day standards, is believed to have been adequate. 
Early tri -daily float gage res dings are likewise considered" to be accurate 
enough for determination of crustal movement rates, which were designated 
earlier in Section II as approximations. There was careful instruction to 
observers, thorough inspection of floats and wells and meticulous checking 
of staff graduations. In appropriate instances special platforms were 
built on the sides of docks to assure thac all readings would be made at 
eye level. 

The change of significant operator errors today is considered extreme- 
ly remote. Competent operators are given careful verbal instructions, and 
written instructions for making daily inspections are posted in gage houses. 
Supervisory inspections and levels to benoh marks are done twice yearly, and 
bench mark stability is assured by leveling triennially to all marks in the 
vicinity. Readings and scalings are made to the nearest .01 foot, and mean 
values are independently checked. The ultimate use of electronic equipment 
for record processing, as now used by the Canadian Hydrographic Service, will 
further reduce the probability of error. 

■ Meteorological Effects 

The potential errors in water levels due to meteorological effects 
have been demonstrated by several investigators in recent years, and their 

18 



existence cannot be doubted. Unquestionably, they are the most signi- 
ficant errors in water level transfers. They do not, however, have any 
effect on the determination cf crustal 3 overrent rates over long periods. 
The differences shown by two gages due to wind set-up for each month or 
year are random values, which do not chaige progressively with time, 
because wind force itself does not so ehmge. 

In his work on mean sea level Guten >erg (1941, P* ?24) considered 
that the differences in water levels at various gage sites were due chiefly 
to meteorological effects, and that the effect was considerably lessened by 
using gages having long periods of record. He states: 



"To reduce the effects under discussion on the values of the 
calculated sea levels, the author has given greater weight to; 
a few selected stations where a long series of observations -is 
available, so that the undesirable variations are of small 
influence; -" 



In regard to similar problems on the laics he says (p. 728): 



"Data on lake levels are to be treated' similarly. In this 

case the effects of wind and air pressure are usually smaller, 
ti 



and regarding irregularities due to ice conditions at Quebec (p. 746) 
he states: 



"Like the effects of meteorological conditions, these effects 
probably average out by taking differences between series of 
years." 



MacLean agrees with Gutenberg about the lessening or elimination of 
• meteorological effects on the ocean when ae says (p. 57); 
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"If mean sea level Is: derived :'.':x 19 years of tidal 
observations , the meteorological effects as well as the 



but disagrees with the statement that win I sex-up is usually smaller 
on the lakes , especially on Lake Erie, because of its shallowness, long 
narrow shape and pointed ends. MacLean is probably correct in this 
matter. It also appears reasonable that, in general, long, period gage 
records tend t6 minimize meteorological effects on water levels. 

Barometric pressure gradients on the Great Lakes are not large, 'con- 
sequently, the resulting effect on lake levels is of little importance. 
The difference in effect between two gage sites-may be plus or minus and 
tend to be compensatory, as illustrated ii the Buffalo -Toledo example by 
MacLean (p. 179, table 6), in which the positive and negative quantities 
exactly balance for the years 1950-59. Tie barometric pressure effect need 
not be considered -unless correction for wind set-up also is calculated. 

Wind set-up may account for nearly the total lake level difference 
between pairs of gages, as illustrated by MacLean in his "hindcast" of 
level differences between Toledo and Buffalo on Lake Erie in 1950-59, how- 
ever,, this comparison does not prove that gage differences measure only 
average net set-up. Crustal movement, if present, is also included, how- 
ever, a determination from this 10 year period would be worthless. Short 
term gage records often show abnormal rates. Neither can it be deduced 
from MacLean f s example, that over extended periods the phenomenon called 
crustal movement by the Lake Survey consists entirely of average net wind 
set-up. The high correlation coefficients show a strong relationship 
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between winds and changes In gage differ* noes, and reflect the fact that 
over a period of only 10 years the chanp---* in differences are determined 
more by wind set-up than by possible cpi l ;;;-1 movement. The differences 
could have any values, and as long as the changes in differences are the 
same, the same degree of correlation wou.~d be obtained. 

Since the crustal movement rate hetveen Toledo and Buffalo as deter- 
mined by the Coordinating Committee is only 0.12 foot, there is little or 
no effect of crustal movement in the relationship shown in Maclean's' hind - 
cast graph (p. 146, fig, 9). Kis argument would have force only if the 
sa.me results were obtained over a period long enough so that a correlation 
could be shown between a progressive change in the differences and a 
similar progressive change in meteorological conditions, if any.' 

-There are many plots of gage differences covering periods of 50 to 100 
years that show a pronounced slope in th£ best fitting line drawn through 
them. This slope can only.be explained ":y relative movement of the land at 
the gage sites. The normal line in such a plot demonstrating only average' 
net wind set-up between two points would be a horizontal line at a fixed 
distance above or below the zero axis equal to the amount of the average 
net set-up. To obtain a sloping line the wind would have to increase or 
decrease progressively over a long period, and this is not physically true. 
The tendency of plotted points to veer froii- the best-fitting line or to 
assume a new alignment fjpr a period of say 10 or 20 years can be attributed 
principally to either the spasmodic change of rate previously suggested, or 
to a change in meteorological effects. Moore (1948, p. 706) recognized . 
both .these possibilities' when he said: 
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"The scattering of the points is "believed to he due to 
varying wind and barometric conditions. The comparison 
between Milwaukee and "Harbor Bes:sfc (Fig. 2) shows two 
possible interpretations of the lata. It is not impossible 
that Milwaukee is on a block wh:I 3h is undergoing periodic 
subsidence with longer periods ■„;£ stability. 11 

There are, of course, other causes tor shifting away from the alignment 
pattern, such as changes in gage zeros or local changes in bench marks. 
Errors due. to these causes are considered practically non-existent in present 
day records due to current procedures in inspections and leveling. While 
their occurrence in the early days of gaging may have been more frequent, it 
is believed that few of them are perpetuated in the records. Water levels 
have been corrected as soon as errors have been found, and the several exam- 
inations at the time of establishing new datum planes have resulted in addi- 
tional screening and correction. Water Isvel transfers have usually: been 
made from two or more gages. In many gags locations wind set-up, if any, is 
negligible, and as previously explained, aas no effect on the determination 
of crustal movement rates over long periods. 

The basic idea of past water level transfers for use. in carrying 
precise elevations has been attacked in Special Report No. 14, because the 
surfaces of the lakes are not level even in the summer months. This is true, 
particularly in Lakes Erie and Ontario, wnere the magnitude of the set-up 
may be significant. The water level transfer , however, is the most accurate 
method of carrying elevations in the lakes region. Its error is less than 
the allowable error in first-order 'leveling. It has repeatedly closed loops 
in connection with land lines with satisfactory results, some of which are • 
indicated in these recent examples. In I960 the 43 mile land line between 
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Cheboygan and Petoskey, Michigan, and the 65 mile water level transfer 
"bet-ween these points checked by .06 foot. In 1954 the 148 mile land 
line "between Goderich and Collingwood, Ontario, and the 200 mile water 
level transfer agreed exactly. The IGLD elevation at Goderich, established 
from Kingston by a 550 mile combination of water level transfers through 
Lakes Ontario and Erie and first-order levels along the Welland Canal and 
the Detroit-St. Clair Rivers, checked that obtained by 318 miles of first- 
order leveling direct from Kingston by 0.28 foot, 

It is reiterated that the Lake Survey has never considered its 
published crustal movement rates as anything more than approximations of 
the true relative values. No action is necessary with regard to correction 
for meteorological effects, because there are no effects over long periods. 
For the sake of more accjbrate elevations per se. ,It would not be practical 



to attempt correction on 

data, nor is it believed 



a system-wide basis due to lack of meteorological 
practical from an economic viewpoint to provide " 



1 

the means for so doing in. the future. It is recommended, however, that 
in the interest of research, corrections for wind set-up and barometric 
pressure effects be made only on Lakes Ontario and Erie in connection with 
the principal water level transfers for the next revision of International 
Great Lakes Datum, Such action may require minor changes in the precise 
level and water level transfer patterns, and the establishment of one or N 
two. stations to gather wind data, but the results obtained should be 
valuable, since wind set-up is significant on Lakes Ontario and Erie. 
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V. DETERMINATION OF CRUSTAL MDVEME* T RATES BY PRECISE LEVELING 

Pre cent Conctpts 

First-order leveling is important ii determining the trend in modern 
rata© of earth mevam^t, m& i§ t&e only aeaepta'bl© mithafl In &mm wft§3?# 
lake surfaces are not available . It permits the relating of one lake to 
another and the whole system to a common reference point. Because of the 
relatively short periods of years between runs, the allowable error in 
precise leveling work between two points is usually greater than the crustal 
movement between them, however, the level error is compensatory and the trend 
is evident. This has been demonstrated' many times by plotting the differ- 
ences in elevation of bench marks of identical lines run a significant 
number of years apart using instrumental differences in order to avoid the 

. effects of loop adjustment and the orthon-etric correction. Local insta- 
bility of marks and the presence of earth faults are readily detected. The 
Lake Survey reduces the amount of probable error by requiring closures of 
3 millimeters times the 'square root of the distance in kilometers, rather 
than the required 4 mm VK used in first-order levels. 

MacLean (pp. 85-92)\ compares Great Lakes leveling with certain level 
work in Finland and implies the superiority of the latter in determining 

. crustal movement rates. This superiority is undoubtedly true, because of 
relatively short lines, many closed loops and frequent connections to tide 
gages. So far as operations are concerned, the foreign work is not of 
higher quality. Methods, equipment and care of marks in Canada and the 
United States are just as good. The difference lies in the fact that the 
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control system for the lakes must be extended inland about 1750 miles 
from the ocean to Duluth without benefit pf connections to tide gages 
at both ends of the line or in between. The present lines are strengthened 
by frequent loop closures across the several waterways that separate Canada 
and the United States. The former basic elevation at Oswego (1903 and 1935 
datums) was obtained from Rensselaer by means of a closed loop consisting 
of land levels through iiie Mohawk and Oswego River valleys, and land levels 
and water level transfers via the Hudson River, Lake Champlain, International 
Boundary, St. Lawrence River and Lake Ontario. This loop closed with a 
, discrepancy of .02 foot. 

Validity of Vertical Control on the Lakes 

Special Report No. 14 does not question the validity of the vertical 
control system on the Great Lakes specifically in connection with hydraulics 
and water levels, but for its use to determine crust al movement rates. Some 
of the references and quotations, however, may give the impression that' the 
control system is of little value. The system is and has been as strong as 
it could be made with available instrumentation and accepted methods. From 
the beginning of the present century until the inception of IGLD (1955), it 
has been connected to the Coast and Geodetic Survey network under their 1903 
adjustment at key points on the lakes. In this adjustment water level trans- 
fers were given top weight with their best land lines. The present system 
using dynamic values is considered equally strong, and at all times the land 
and water network of the lakes system has been accurate enough to allow 
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approximations of relative crustal movement rates to be made. This state- 
ment cannot be made of rates between Oswego and Mean Sea Level at New York, 
because the Lake Survey current rates at Oswego is apparently grossly in 
error as a result of the previous computation of the movement of the land 
at Rensselaer. Since the connection to the sea is no longer at New York, 
a study has not been made to find the best rate at Oswego relative to sea 
level. This will be determined by comparison of level lines from Father 
Point to Kingston, and the result compared with a new determination from 
New York. 

In his tabulation for the 1950-59 Lake Erie hindcast MacLean (p« 179, 
table 6), shows the calculated and observed gage differences between Buffalo 
.and Toledo generally as minus quantities , which is in accordance with the 
actual recordings, Toledo showing generally higher than Buffalo for the 
period. With a wind set-up in the direction of Buffalo this may seem para- 
doxical, however, it is explained by MacLean (1962) as being because the 
Toledo gag§ %&?o is too high ag a result of the inter level teanefers 

establishing datum at that point. If an effective wind velocity of zero 
is substituted in his w:jad slope equation, the* regression line cuts the 
y-axis at -0.25 foot, which suggests that the elevation of the Toledo gage~ 
is too high with respect to -Buffalo by this amount. 'Whether this is time 
or not cannot be determined at this time. It is interesting to note that 
if the known 1935 datum discrepancy of 0.38 foot between Lake Ontario and 
Erie is taken away, the resulting elevation at Toledo obtained by water 
level transfer and land levels is 0.11 foot lower than its elevation on 
1903 datum, which was determined by land levels only; and to note that 
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the aforementioned IGLD elevation at Goderuch, obtained through Lakes 
Ontario and Erie, is 0.28 foot lower thai: that obtained solely by land 
lines from Kingston, In other words, these two examples indicate that 
Toledo eould be too low. 

The Father Point Gage 

Special Report No. 14 characterizes as "dubious" the selection of 
the Father Point gage as the initial reference point for IGLD because it 
is in an .area still subject to uplift, it is located in the estuary of the 
St, Lawrence River, therefore subject to greater meteorological effects, 
ai)d it is separated from all of the Great Lakes region by an ancient 
fault line (Logan's Line). The Coordinating Committee in its report on 
establishment of IGLD (I96l, p. 6) states its reasons for selection of 
this site, the principal one being that this is the location of a long- 
record gage at the outlet of the Great Lakes system. The selection was 
not only logical, but almost mandatory. The nearest acceptable gage would 
be at Halifax, several hundred miles to the southeast on the Atlantic coast, 
requiring a large amount of additional leveling. Meteorological effects at 
the location of the Father Point gage on the 25 mile wide estuary are not 
considered to be significant in view of the present concept of the order 
of accuracy in crustal movement rates. 

All gage sites on the Atlantic seaboard are subject to movement at 
rates of varying magnitudes, with Father Point being the least of all 
(rising about .17 foot/century) according to tide gage records uncorrected 
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for eustatic change. It is worthy of no 'be also that Canadian Geodetic 
Datum is based on mean sea level computed from gage readings prior to 
1910 at Yarmouth, Halifax, Father Point, Vancouver and Prince Rupert, 
and that the value of BM "R" at Father Point on this datum is 17.192 
feet. The new value of BM "R" for IGID about 50 years later is 17.234 
feet. The foregoing seems -to indicate that movement is still going on' 
at Father Point, but that the magnitude of change is small. 

VI. SWMARY 

1. Crustal movement rates are considered to be only approximations 
of the magnitude of this phenomenon. They express not the absolute rate 
of movement at a particular point, but the relative rate with respect to 
other points in the system. They are generally the best possible deter- 
minations with existing data, and are valuable within the foregoing concept 
of accuracy. 

2. Field evidence from water level gaging, geologic studies and 
precise leveling points strongly toward the existence of a non-uniform * 
movement with a basin-wide pattern of uplift northeastward. 

3. Determination of Crustal movement rates from field measurement of 
old beach heights is the only method that can be used for the period before 
water level gaging began; It is not as accurate as the method of water 
level comparisons for the modern period since 1860. 

4. Movement is still going on in the alleged area of horizontality 

in the manner stated for the remainder of the basin. This view is supported 
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by geologic evidence and by water level comparisons , in 'which the best 
fitting line through gage differences shews a definite slope over long ! 
periods . Location of gages with respect to a "hinge line" has no effect 
on the relative- rates of movement. 

5. Comparison of water level differences is the only satisfactory 
method for obtaining crustal movement rates in the modern period 
Preferably, extended periods of from 50 to 100 years should be used. 
Gages and methods were rather poor in the last half of the 19th century, 
but were good enough for approximations of rates. Methods and equipment 
were quite satisfactory in the early part of the present century, but not 
up to the high standards of the present time. 

6. Gages located in constricted areas are subject to errors in 
recording true lake level which in some cases it is not practical or desir- 
able to eliminate. Few of these errors have any effect on determination of 
crustal movement rates. Instrument errors are generally negligible or 
compensatory, except for float lag and humidity effects, which can be 
minimized. Operator errors are very remote today, and past errors, if not 
detected at the time, are minimized in the monthly mean averages. 

7. Wind set-up causes the largest error by far in determination of 
true lalce level. Errors due to differences in barometric pressures are 
appreciable, but are compensating over long periods. The effect of wind 
set-up is most felt on Lakes Erie and Ontario, and is believed to be insig- 
nificant on the other lakes. Long period records tend to minimize meteoro- 
logical effects. For short periods gage differences may represent wind set* 
up almost entirely, but for long periods relative crustal movement is evident 
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if it exists intact between the two gages. Meteorological effects have 
no bearing on determination of rates over long periods. 

8. Precise levels are the only acceptable means for determining 
rates of movement where water level transfers cannot be made. The present 
and past systems of vertical control on the lakes are of high quality. 
Present day effects on water levels of shifts in bench marks and gage 
zeros are non-existent, and those of the past are unlikely to be perpe- 
tuated in the records. The 1948 rate at Oswego relative to sea level at 
New York is apparently in error, and will be replaced by means of a new 
computation from Father Point. 

9. The Father Point gage is the most satisfactory on the Atlantic 
seaboard as a reference zero or IGED from the standpoint of stability. It 
is believed to be slightly above sea level in the order, of 0.2 foot. The 
eustatic rise in mean sea level is about 0.33 foot, but this quantity has .' 
no effect on relative rates of crustal movement. 

VII. RECOMMENDATIONS 

1. Review the physical location of all gages to determine which are 
affected by meteorological conditions by being in constricted areas. 
Without necessarily charging the general' location, move the gage to a point 
where it will record true lake level for the area. 

2. Change- all floats to 10 inch diameter floats, if well is 12 inches 
in diameter or larger and other conditions permit. When necessary to change 
a well or install a new one where a sump is impractical, use 12 inch pipe w or 
larger. " . 
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3. Install on appropriate gages "the standard Stevens time markers 
and reversal indicators to be vised as bane line markers for detection of 
changes in chart paper due to excessive humidity. 

4. In preparation for the next revision of IGLD, take steps at once 
to obtain necessary meteerelegieal f aetei's te permit eeaweetieaae fea? wind 
set-up and barometric pressure effects to be made in connection with the 
principal water level transfers on Lakes Erie and Ontario. Install depend- 
able recording gages at the terminal points of principal level lines. 

5. From instrumental differences between bench marks, of early and 
recent precise level' lines, determine rates of crustai movement alortg the 
route from Father Point to Kingston. Make check computations from New York 
via Rouses Point and via Oswego. 
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